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ABSTRACT
	
In the search for novel materials with advanced physical properties, the concept of adding configurational entropy onto a single atomic site is known to provide new avenues toward material discovery. In the case of high entropy oxides (HEOs), the ability to “tune” a material’s properties by having multiple cations on single or multiple sites allows for greater opportunity to design materials for specific applications. The work presented here explores the synthesis of new multicomponent (high entropy) oxides, followed by a detailed characterization using several techniques. We have successfully synthesized multiple single-phase polycrystalline rare-earth high entropy oxides and grown large, bulk single crystals with the titanate pyrochlore composition using the floating zone technique. Characterization involving mechanical stiffness, thermal expansion, and irradiation amorphization resistance is presented, allowing for a detailed investigation of these new complex oxides and their potential applications.
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Introduction 

Originating from the notion of high entropy alloys, high entropy oxides (HEOs) are defined as oxides having five or more cations on a single atomic site [1,2], They are also known as configurationally complex oxides (CCOs) or multicomponent oxides and have been gaining interest since their introduction in 2015 when the first high entropy oxide with the rocksalt phase was reported [3]. Recent studies have explored adding configurational complexity to other oxide systems, with the most common being the fluorite [4,5], perovskite [6-9], and spinel [10-13] structures. Introducing the high entropy concept to oxides has led to the discovery of novel functionalities and capabilities including low thermal conductivity, high corrosion and oxidation resistance, increased electrical storage capacities, room temperature lithium superionic conductivity, and a wide-range of interesting magnetic behavior [14-18]. 
The majority of the work presented here focuses on the synthesis and characterization of compositionally complex oxides with the pyrochlore structure. Rare-earth pyrochlore oxides have been of interest to researchers for decades. The properties of these materials include high radiation resistance, low thermal conductivity, exotic magnetism, strong ionic conduction for fuel cells, and luminescence, to name a few [19-33]. In some cases, rare-earth pyrochlore oxides can be “tuned” to have enhanced properties and capabilities by doping or manipulating the A and B site cations based on their size [33,34]. However, very few studies have been conducted to see how adding multiple rare-earth cations to a single site may affect these properties in rare-earth pyrochlore oxides compared to their single component, non-HEO counterparts, the few studies available focused on the synthesis and thermal conductivity of rare-earth zirconate pyrochlores [35-38].
With this work, we expand the study of HEOs to pyrochlores. Since very few HEOs have been successfully synthesized as bulk single crystals [39-42], it is necessary to develop reliable methods of material synthesis that allow for large, high-quality crystals which will improve material property studies of these oxides for years to come. The work presented here shows that it is possible to synthesize high quality powders using standard solid state reaction synthesis and grow large single crystals (greater than 1 mm) employing the floating zone technique. A detailed analysis of the mechanical, thermal lattice expansion, and radiation resistant properties is presented, increasing the understanding of an underdeveloped and newly produced set of high entropy rare-earth oxides. While most of the compositions in this dissertation are based on the pyrochlore structure, a few novel compositions with other structures including a tripod Kagome lattice (TKL) oxide and fluorites (Appendix D) are also discussed and explored. 
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 Background and Overview
		
[bookmark: _Hlk98581595][bookmark: _Toc102125190]2.1 The Pyrochlore Structure 

Pyrochlore oxides have cubic symmetry, belong to the Fd-3m space group, and contain eight formula units per unit cell. The pyrochlores in this study possess the A2B2O7 (227) stoichiometry with trivalent rare earth cations occupying the A-site (16d) and tetravalent transition metals on the B-site (16c). Figure 2.1 illustrates the atomic pyrochlore structure with corner-sharing tetrahedra. Due to their unique structural framework, phase stability, and compositional flexibility, pyrochlores have been heavily studied for their magnetism, radiation resistance, thermal stability, and ionic/electric conductivities [19-34,43-51]. The structure of corner-sharing tetrahedra causes geometric frustration when A and/or B are magnetic cations, leading to exotic magnetic ground states such as spin ice, spin liquid, and spin glass [25-27]. Adding configurational entropy to at least one cation site induces disorder and distortion within the lattice and is expected to impact the properties of these materials. In order to synthesize an oxide in the pyrochlore phase, a cation radius ratio rule of the A/B cations (1.36 to 1.78 roughly) must be obeyed [51]. Reported exceptions to this rule involve extreme synthesis routes, such as high pressure, to produce stable 227 materials [52-54]. 

[bookmark: _Toc102125191]2.2 The Tripod Kagome Lattice Structure

As shown in Figure 2.2, the Tripod Kagome Lattice (TKL) structure is “pyrochlore-like” in that it has alternating triangular and Kagome layers (a two-dimensional arrangement of hexagons and equilateral triangles of RE3+ cations and formed by the vertices of the Mg2+ tetrahedra), much like that of the pyrochlore when positioned along the [111] orientation. In this thesis, the successful synthesis of one configurationally complex TKL composition is described and analyzed for its properties.
[image: ]
[bookmark: _Toc102021898][bookmark: _Hlk101268074]Figure 2.1: (a) Representation of the rare-earth pyrochlore structure with O2- ions in red, B4+ ions light blue, and the A3+ ions multi-colored and (b) corner-sharing tetrahedra formed by the A sublattice [55]. 
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[bookmark: _Toc102021899]Figure 2.2: Diagram comparing the (a) pyrochlore structure with alternating triangular and kagome layers and (b) tripod kagome structure with alternating RE-kagome and Mg-triangular layers [56].



The tripod kagome lattice (TKL) with the form RE3Sb3Mg2O14 is a relatively new oxide material, as it has only been synthesized and studied within the past few decades [56-59]. It has a two-dimensional kagome lattice, belongs to the R-3m space group, and has a rhombohedral structure. Similar kagome oxides have been previously successfully synthesized with various RE cations and with Co and Zn on the Mg2+ site [58,59]. Thus far, much work has been conducted to understand the magnetic behavior and ground states. The synthesis of a multi-component TKL has not been reported prior to this work. 

[bookmark: _Toc102125192]2.3 The Concept of “High Entropy”

The concept of novel material design employing “multiple principal elements in equimolar or near-equimolar ratios” was first introduced in 2004 for binary and ternary alloys [2,60]. These works introduced the idea of creating stable solid solutions of metal alloys known as high entropy alloys or HEAs by increasing the entropy of mixing. Since these reports, many research groups have reported stable high entropy alloys with five or more elements on a single atomic site and studies have shown that their mechanical, magnetic, electronic, and thermal properties can be improved by applying configurational entropy [1,61,62]. 

The first high entropy oxide was synthesized in 2015 by the successful incorporation of five transition metal cations onto one lattice site in the rocksalt structure (, space group # 225) [3]. This study proved the possibility of “entropy-stabilization” for oxides by mixing five binary oxides (MgO, CuO, NiO, ZnO, and CoO) in equimolar amounts at high temperatures (850 to 900˚C) to form a single-phase rocksalt solid solution. Most importantly, it was discovered that the reaction was reversible when the temperature was lowered, implying that the reaction was “entropy-driven.” This concept has recently been extended beyond oxides to diborides, nitrides, carbides, sulfides, fluorides, to name a few [63-69]. For configurationally complex materials that are either oxides, diborides, carbides, or nitrides, these materials have been placed into a subset of high entropy materials coined high entropy ceramics [68-69].
When referring to the energy and processes required for a reaction to occur, it is necessary to consider the Gibbs free energy, enthalpy, and entropy changes. The Gibbs free energy is represented by


                                                                                (2.1)





where  is the change in free energy, is the change in enthalpy, T is the reaction temperature, and  is the entropy change in the system. In the simplest of terms, for a reaction to become thermodynamically favorable, the Gibbs free energy must be negative. There are multiple “pathways” that can be chosen for a reaction. When taking into consideration the enthalpy term and a particular pathway, the change in enthalpy can take one of two forms: mixing enthalpy for solid solution formation and formation enthalpy for compound formation. Alternatively, the entropy term is dependent on the addition of elemental components in a system and an increase in elemental arrangements within the lattice (configurational entropy). Lattice vibrations and ordering variations due to electronic or magnetic interactions can also have a role in the overall configurational entropy of a material [70]. The configurational entropy change per mole  is given by 


                                                                                          (2.2)




where is the gas constant and  is the number of elements in equimolar amounts [2,70]. This formula represents the total configurational entropy for thermodynamic ideal mixing. To achieve ideal mixing using this equation, it is important to have a random, homogenous distribution of atoms. Additionally, increasing the number of elements  will increase the configurational entropy. Although this equation has been applied to both metals and oxide ceramics, these materials are subject to major differences such as atomic bonding and variations in crystal and electronic structures [70]. 
 Per its earliest definition, to obtain a single-phase entropy-stabilized oxide, the configurational entropy of the system must overcome the enthalpy of formation term. This will lead to a negative Gibbs free energy and can only occur above a critical temperature [70]. Therefore, if the temperature falls below the critical temperature, the mixed components will “decompose” into a multiphase oxide comprised of the initial oxide compounds. As discussed above, Rost et al. were able to achieve this with the first successfully synthesized high entropy oxide rocksalt [3]. This concept of entropy-stabilization has been demonstrated in other various multicomponent oxide structures [16]. However, not all reports on “HEOs” have verified that entropy is the driving force behind stabilization, including the novel pyrochlores discussed in this dissertation. Stable ternary pyrochlores can be formed with a wide range of individual rare-earth cations on the A-site, as long as the A/B cation ratio rule is obeyed. Moreover, high configurational entropy is only one aspect in creating stable single phase multicomponent solid solutions [16,70].         

[bookmark: _Hlk95904172][bookmark: _Toc102125193]2.4 High-Entropy Pyrochlore Oxides

As previously discussed, the pyrochlore structure (A2B2O7) is stable for a wide range of A and B cations. When high entropy is added to the pyrochlore system, whether on the A or B sites, a vast range of chemical compositions with the pyrochlore structure can be imagined. Due to a lack of computational guidance predicting which cation combinations would produce single-phase solid solution HEOs, many research efforts were based on “trial and error” with the primary motivation of HEO research revolving around whether specific combinations of entropic oxides could be successfully synthesized. This approach was also true when the first HEO pyrochlore studies were published in 2019. Li et al. were the first to publish a study on the successful synthesis of six new rare earth high entropy pyrochlore oxide zirconates, where Zr is on B-site and the entropy was chosen for the A-site. This study not only showed the feasibility of single-phase high entropy pyrochlores, but also showed that that they have low thermal conductivity, indicating the potential for use as thermal barrier coatings [35]. Following this publication, several more studies involving pyrochlores have been reported [36,37,71-79]. Many of these reports consisted of synthesizing HEO pyrochlore zirconates using various techniques (spark plasma sintering, low-temperature polymerized complex method, atmospheric plasma spraying, combustion synthesis, sol-gel method, particle foaming stabilization, and conventional solid-state reactions) and confirm low to ultra-low thermal conductivity in these materials. In 2022, a computationally based study for HEO pyrochlore stability and synthesis was reported [80]. It focused on multi-cation occupancy of B-site pyrochlores and involved Monte Carlo simulations and thermodynamic processes to determine the optimum cationic combinations for predicting single phase B-site pyrochlores.
	Additional studies on HEO pyrochlores have expanded to include entropy on the B-site and, in some cases, on both cationic sites [81-87]. These reports focus on synthesis and include some examination of mechanical properties such as hardness and fracture toughness. One study reports on the lattice distortions and chemical disorder [86]. The majority of HEO pyrochlores studied have multiple cations with equal or “equimolar” amounts. Recently, a few studies have explored the synthesis and stability of HEO pyrochlores with non-equimolar versions of high configurational entropy [87,88]. 
	The search for HEO pyrochlores with more variation in composition and a broader range of insight into unique properties is ongoing. Most reports have focused on synthesizing HEO rare earth pyrochlore zirconates, with a recent expansion into a wider range of HEO pyrochlore compositions including rare earth titanates and pyrochlores with mixed B-site cations [39,81,83-85,90]. While pyrochlores in general have been heavily investigated for their frustrated magnetism, only recently has this been explored for a few HEO pyrochlores [39,89]. A study of the radiation resistant abilities of HEO pyrochlores has also been overlooked. Only a few introductory reports have discussed the possibility of using HEO pyrochlores for immobilizing radioactive waste [90,91] but none of these explore HEO pyrochlores for their amorphization resistance or studied irradiation response of single crystal HEO pyrochlores. 







[bookmark: _Toc420995900][bookmark: _Toc422997487][bookmark: _Toc427156470][bookmark: _Toc80973281][bookmark: _Toc102125194]
Methodology and Experimental Techniques


[bookmark: _Toc102125195]3.1 Sample Synthesis and Crystal Growth

[bookmark: _Toc102125196]3.1.1 	Polycrystalline samples synthesized by Solid State Reaction  

[bookmark: _Hlk87887244]The solid-state reaction method was used to produce the single-phase polycrystalline rare-earth high entropy oxides for this study. High purity (at least 99.9%) starting reactants consisting of rare-earth oxides (RE23+O3) (dried overnight at 850°C) and transition metal oxides (M4+O2) were weighed in stoichiometric amounts, combined in a polypropylene grinding vial with two methacrylate mixing balls, and mixed in a SPEX 8000M Mixer/Mill from 60 to 90 minutes to produce the homogenous powder. They were then pressed into pellets (using either a Carver hydraulic press or hydrostatic water-cell press) and sintered in air at high temperatures ranging from 1300˚C to 1600˚C. Some samples required multiple grindings and reheating to obtain single-phase. 
[bookmark: _Toc102125197]3.1.2 	Single Crystal Growth with Optical Floating Zone

The floating zone technique is a melt-based crystal growth method involving the use of an image furnace with multiple mirrors that focus light to a “molten zone”. A polycrystal is pulled through this molten zone at a steady growth speed to allow for single crystallization, which occurs at the solidifying end of the molten zone. “Feed” and “seed” rod pellets are counter rotated at specified speeds and a growth rate (pulling speed) is determined based on the material composition and molten zone stability. Typically, slower growth rates are preferred and produce higher quality crystals. This technique is known to produce large single crystals (up to several centimeters), ranging from good to high quality, and commonly used for various metal oxides. Standard image furnaces use halogen lamps, allowing for growths to occur at temperatures up to ~2200˚C. However, if higher temperatures are needed, the use of a Xenon lamp will allow growths with temperatures well above 2000˚C. Multiple factors affect the growth of a crystal using this method including voltage and temperature needed, melting temperatures based on the material composition, “pulling” and “rotation” speeds, growth atmosphere, pressure, and gas flow. 
It is well known that single crystals of standard pyrochlore oxides can be grown using the optical floating zone technique, but prior to our work, no studies on HEO bulk single crystals were reported. In this dissertation, single crystals of two rare-earth HEO titanate pyrochlore compositions were successfully grown with the optical floating zone technique using a two-mirror optical floating-zone furnace (Canon Machinery model SC1-MDH) with 1500-W halogen lamps. In this process, large single-phase polycrystalline pellets are cut into two unequal length pieces (feed and seed rods), placed inside a quartz chamber (feed rod was hung at the top of the chamber while the seed rod was fastened to the bottom) and counter-rotated between 20 and 25 rpm. The crystals were grown in an oxygen atmosphere (0.2 to 0.3 MPa) with pulling speeds (growth rates) ranging from 5 to 20 mm/hr. Our growth attempts produced both large multi-crystal and single crystal boules. The resulting single crystals discovered in these boules ranged in length from several millimeters to 3 centimeters. Figure 3.1(a) displays the floating-zone setup with polycrystalline sample in place. Figures 3.1(b)-(c) show a resulting HEO crystal growth with Laue diffraction back scattering image along the [110].  

3.2 [bookmark: _Toc102125198]X-Ray Diffraction

[bookmark: _Toc102125199]3.2.1 Powder X-ray Diffraction (XRD)
A PANalytical Empyrean multipurpose diffractometer (Cu K𝞪1 radiation, λ = 1.54059 Å) was employed for the collection of room temperature powder X-ray diffraction pattern data for each of the polycrystalline HEO materials discussed in this thesis. Rietveld Refinements of each sample using this data along with the General Structure Analysis System II (GSAS-II) software [92] allowed for the determination of the crystal structure and lattice parameters. Table 3.1 lists the HEOs synthesized along with the sintering temperature, sintering time, structure, space group, and lattice parameters. Complete refinement data and XRD pattern plots are located in Appendix B.
[image: ]
[bookmark: _Toc102021900]Figure 3.1: (a) Typical floating zone crystal growth set-up; (b) result of crystal growth for (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7; (c) Laue diffraction pattern of crystal aligned along [110].
















[bookmark: _Toc101296557]Table 3.1: List of successfully synthesized pyrochlore-type HEOs with their sintering temperature, sintering time, structure, space group, and lattice parameters.
	HEO Sample
	Sintering Temperature (˚C)
	Sintering Time (hrs.)
	Structure 
	Space Group
	Lattice Parameter (Å)

	(YbTbGdErDy)2Ti2O7
	1400
	20
	Pyrochlore
	Fd-3m 
	10.1152(3)

	[bookmark: _Hlk91511002](YbHoTmErLu)2Ti2O7 
	1300
	20
	Pyrochlore
	Fd-3m 
	10.0551(3)

	(DyHoSmGdNd)2Sn2O7
	1400
	15
	Pyrochlore
	Fd-3m 
	10.4640(8)

	(EuPrSmLaNd)2Hf2O7 
	1450
	20
	Pyrochlore
	Fd-3m 
	10.6569(0)

	(GdNdSmPrLa)2Zr2O7 
	1500
	20
	Pyrochlore
	Fd-3m 
	10.6639(9)

	(NdSmEuGd)3Sb3Mg2O14 
	1400
	60
	Kagome 
(Rhombohedral)
	R-3m
	a=b = 7.3857(9)

	
	
	
	
	
	c = 17.4628(5) 


















[bookmark: _Toc102125200]3.2.2 Laue Diffraction

All single crystals discussed in this dissertation have undergone Laue diffraction for structure confirmation, quality determination, and orientation for various measurements. Laue diffraction “images” appear as a collective arrangement of spots that are unique to a crystal’s structure and symmetry and can be employed to determine a crystal’s orientation and quality. The crystal can be positioned or “oriented” for specific experiments and measurements using Laue diffraction and a crystal aligning software (OrientExpress), which takes the recorded pattern and matches it to a simulated pattern from its database. Likewise, crystal quality is generally determined by examining the “appearance” of the Laue spots. If the spots are circular and clear (not blurred, irregularly shaped, or shadowed) then a crystal is considered high quality. Laue is also typically used to ensure that a crystal is single domain throughout. If multiple domains exist, then a multicrystal has been produced. All crystals examined have good quality or better, as seen from Figure 3.1(c).

[bookmark: _Toc102125201]3.2.3 Non-ambient X-ray Diffraction (HTXRD)

Non-ambient X-ray diffraction is a useful tool for understanding a material’s lattice behavior in-situ with temperature change. Very little work has been done to understand how cation selection and/or choice of entropy-sublattice affects the structural response and phase stability in HEOs. In this thesis, high-temperature X-ray diffraction (HTXRD) is used to probe the changes in structure and lattice parameter of the HEO materials from room temperature up to 1200˚C to determine the thermal expansion. Each single-phase sample was either ground into a powder or pressed into half inch pellets and placed into the ceramic holder. A PANalytical Empyrean multipurpose diffractometer (Cu K𝞪1 radiation, λ = 1.54059 Å) with an Anton-Parr furnace stage that reaches temperatures up to 1200˚C in air or inert gas atmospheres was employed for the collection of XRD data. Following scans at room temperature (25˚C) and 100˚C, subsequent scans were run with temperature increments of 100˚C up to 1200˚C in air. Once the temperature had stabilized at each 100-degree increment, XRD data would be collected. Sequential Rietveld refinements using the GSAS-II software [92] were conducted on each HEO sample and expansion coefficients were determined from the obtained lattice parameters, as discussed in Chapter 6.

[bookmark: _Toc102125202]3.3 Microscopy and Microstructure Analysis

[bookmark: _Toc102125203]3.3.1 Scanning Electron Microscopy and Energy Dispersive X-ray (SEM/EDX)

Scanning electron microscopy and electron dispersive X-ray (SEM/EDX) are techniques commonly used for the analysis and determination of a material’s surface topography and composition. This process involves 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.
Microscopy of the samples’ surface was performed using a ZEISS EVO scanning electron microscope (SEM) with Bruker xFlash 6130 energy dispersive X-ray spectrometer (EDXS). Compositional mapping was performed to determine micron-scale homogeneity of the mixed rare-earth oxides. The elemental composition at specified areas on the polycrystalline pellets and single crystal surfaces was analyzed to confirm the stoichiometric ratios of each element in each sample.
[bookmark: _Hlk87779659][bookmark: _Toc102125204]3.3.2 HAADF-STEM EELS/TEM
The STEM-EELS and TEM work were used briefly in two separate studies in this dissertation. The specifics of the conditions and analysis are provided in Chapters 4.2 and 5.2 and, therefore, will not be discussed here. 






[bookmark: _Toc102125205]3.4 Magnetization and Magnetic Susceptibility 

3.4.1 Bulk Magnetization 

A Quantum Design Magnetic Property Measurement System (MPMS 3) was employed to study the HEOs’ response to a magnetic field. This device is highly sensitive to magnetic moments at varying temperatures and changes in magnetization given a magnetic field. For the new HEOs, DC susceptibility and magnetization versus field measurements were carried out to gain a better understanding of the overall magnetic behavior, including effective magnetic moments and Curie-Weiss temperatures. Susceptibility measurements were conducted from 2 to 300 K with a field of 1000 Oe under zero field cooled (ZFC) conditions. M vs. H measurements were carried out at 300 K and 2 or 3 K in fields up to 7 T. AC susceptibility data were also collected for one single crystalline composition at very low temperatures (below 1 K) at the National High Magnetic Field Laboratory in Tallahassee, Florida as discussed in chapter 4. DC susceptibility curves, experimentally derived effective magnetic moments, and Curie-Weiss temperatures for each composition can be found in Appendix E.

[bookmark: _Toc102125206]3.4.2 Magnetic Frustration in Pyrochlore Oxides

The magnetic properties of rare-earth pyrochlore oxides with structure A23+ B24+O7 have stirred excitement and intrigue in condensed matter science in the past 30 years [25] mostly due to the geometric frustration common to the structure. When the A and/or B sublattices are occupied by magnetic ions, and the magnetic interactions are antiferromagnetic in nature, the network of corner-sharing tetrahedra (Figure 3.2) leads to a “competition” of interactions, known as geometric frustration. An illustration of this phenomenon is shown in Figure 3.3 representing geometric frustration as Ising spins where the moments behave antiferromagnetically. 
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[bookmark: _Toc102021901]Figure 3.2: The cubic pyrochlore A and B sublattices [25].
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[bookmark: _Toc102021902]Figure 3.3: Frustration of antiferromagnetic spins on a triangular lattice.










In cubic rare-earth pyrochlores, rare-earth cations reside on the A3+ while the transition metal cations reside on the B4+ site. The A-site or B-site can have the magnetic ions, or both sites can have magnetic ions, creating an even higher degree of frustration. It has been previously discovered that many rare-earth pyrochlore oxides cannot develop long range magnetic order due to its geometrically frustrated lattice. Instead, unusual magnetic behavior develops when the materials are cooled down to very low temperatures. For a frustrated system, having a form of measurement to determine the extent of frustration in the system is desirable. The frustration index f, which was first introduced by Ramirez [93], measures the level of frustration for a magnetic material. 

                                                                                             (3.1)

For this equation,  represents the Curie-Weiss temperature and T* is the critical temperature or Nel temperature where the system transitions to long range order [25]. For a system to be highly frustrated, the critical temperature T* must be very low compared to . 
	There are three known types of magnetic spin systems due to frustration: spin glass, spin ice, and spin liquid. The spin glass state can be briefly summarized as a “quenched” disordered system or, more specifically, the freezing of mixed spins that are randomly interacting, occurring at the spin-glass temperature [25,94].  Below this specified temperature, long-range ordering ceases to exist. There are two important conditions that must be met to have a spin glass: randomness of the spin positions and frustration due to the competition between nearest-neighbor interactions [25-27,94]. There have been several techniques for experimentally determining the spin glass state. Some of these include AC susceptibility measurements that involve a frequency dependence of χ’, low temperature heat capacity measurements and its linear temperature dependence, and the nonlinear magnetic susceptibility temperature dependence [25-27,95].  




[bookmark: _Hlk84002315][bookmark: _Toc102125207]3.5 Resonant Ultrasound Spectroscopy (RUS)
 
[bookmark: _Hlk87781186][bookmark: _Toc102125208]3.5.1 Concept

[bookmark: _Hlk87877780]Resonant ultrasound spectroscopy (RUS) is a nondestructive technique developed by Migliori et al. [96] to determine the elastic moduli of a material. In an RUS experiment, an ultrasonic wave is sent through a solid material, producing a set of resonant frequencies unique to the material [96,97]. The frequencies at which these free-body resonances occur depend on the sample’s shape and dimensions, as well as its elastic tensor. Therefore, experimental determination of the resonant frequencies, along with the sample’s dimensions, allows us to determine the full elastic tensor of a solid material. Samples are typically shaped into a rectangular parallelepiped or cylinder, and the resonances can be tracked as a function of temperature and/or magnetic field, allowing to detect structural and magnetic transitions.   
The utilization of a fitting procedure aids in the determination of the full elastic tensor of a solid material shaped as either a rectangular parallelopiped or cylinder. This is represented by a two-step process involving the computation of the resonant frequencies from the elastic constants (direct problem) and the calculation of the elastic constants from the resonant frequencies (inverse problem). While the direct problem is a straightforward calculation, taking into account the elastic tensor and dimensions of the sample, the inverse problem requires a nonlinear optimization procedure, using a “figure of merit”  represented by:


                                                                        (3.2)

where wi is the weighing factor (either 1 or 0) and fi and gi represent the calculated and measured frequencies vectors. The calculated frequency is based on the direct calculation using an “educated guess” of the elastic tensor. 



[bookmark: _Toc102125209]3.5.2 RUS Sample Preparation 

RUS measurements require high quality samples with no porosity, cavities, or cracks. To prepare samples for RUS measurements, dense polycrystalline pellets are shaped into rectangular parallelepipeds. Similarly, cubic single crystals are cut, aligned with faces perpendicular to the [100] axis, and then shaped into rectangular parallelepipeds. The mass and dimensions must be obtained to determine the density of the material, which is used in the nonlinear optimization procedure. In this dissertation, HEO and select single component pyrochlore samples measured with RUS were either single crystals grown from an optical floating zone furnace or polycrystals synthesized by solid state reaction. All samples were carefully shaped into rectangular parallelepipeds by polishing the surfaces to achieve 90-degree angles and flat surfaces. HEO single crystals were cut from large crystal rods into smaller pieces using a diamond blade saw. Laue diffraction was used to determine crystal quality and align the cut crystal pieces so that the [100] axis could be identified, and the sample was polished with the [100] axis perpendicular to the faces.
 To obtain dense polycrystals for RUS measurements, a uniaxial hot press (OXYGON industries (Model No. FR210-25T-A-200-04T)) was used for one HEO and two single-component pyrochlore compositions for sintering at high temperatures and apply pressure simultaneously. This creates a polycrystalline ceramic with less porosity, making for a more adequate test sample for RUS measurements. Single phase pyrochlore powders were initially pressed into disc pellets using a hydraulic press, then placed into a graphite die with graphite sheets surrounding the sample. Once loaded into the equipment, a constant pressure of 0.6 tons (45 MPa) was applied with temperatures between 1400˚C and 1500°C for 12 to 20 hours. The samples were then polished to remove excess graphite from the surface and then heated again to burn off any remaining graphite. The samples were then polished and shaped to rectangular parallelopipeds for measurement. 




[bookmark: _Hlk87887137][bookmark: _Toc102125210]3.5.3 RUS Procedure and Analysis
Samples are placed between two piezoelectric transducers and mounted on its edges, corners, or flat on its faces. Figure 3.4 illustrates this setup with a sample positioned on its corners. Frequencies are typically measured and collected between 100 to 2500 kHz. An electromagnetic signal is generated by the frequency generator and then converted into an acoustic wave at the top transducer. The wave travels through the sample, generating resonances that are converted back into an electromagnetic signal at the bottom transducer. Figure 3.5 shows part of a typical resonance spectrum obtained. Measured resonance frequencies are unique to the sample in question. Elastic moduli fits are typically obtained from the collection of the first 30 to 50 resonances, however more resonances can be used. For cubic single crystals, there are three independent elastic constants (one longitudinal and 2 shear moduli) and for polycrystals there are two (one longitudinal and one shear modulus). Table D2 in Appendix D shows an example of the output file from an RUS fit.  It lists the experimentally collected resonances as well as the calculated resonances based on sample density and estimated elastic constants.  In addition, it shows the root-mean-square (rms) percent errors for each mode, and how each frequency is affected by a change in elastic moduli. 
[bookmark: _Toc102125211]3.5.4 RUS for Probing Structural Phase Transitions

When tracking a material’s resonances with temperature, materials that possess no thermodynamic “irregularity” will show a gradual increase in resonant frequencies with decreasing temperature, corresponding to an elastic stiffening. However, when a structural or magnetic transition takes place, the temperature-dependence of the tracked resonances (and thus elastic moduli) often shows a change in slope or abrupt change. The elastic constants will typically show noticeable discontinuities at second-order transitions due to the effects of coupling between strain and the order parameter (Q).



[image: ]
[bookmark: _Toc102021903]Figure 3.4: (a) Room temperature RUS probe typically used with digital RUS system. (b) In-house designed RUS probe used for measurements as a function of temperature in a PPMS or VersaLab system with rectangular parallelepiped shaped crystal positioned between two transducers.
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[bookmark: _Toc102021904]Figure 3.5: Example of a typical resonance spectrum.












[bookmark: _Toc102125212]3.6 Ion-Irradiation and Rutherford Backscattering Spectrometry (RBS)

[bookmark: _Hlk89016652][bookmark: _Toc102125213]3.6.1 Purpose and General Concept 

In an ion-irradiation experiment, a material is subjected to energetic ions (ionizing radiation) from an ion accelerator. This experimental technique allows for the study of a material’s radiation resistance for nuclear applications and for the use of ions to modify material properties. It has been commonly used to evaluate the radiation stability of ceramic materials, such as pyrochlores, for nuclear waste storage [98,99]. Single crystal samples are first aligned to have the crystal positioned in a direction along a major axis perpendicular to the sample surface and then polished to a “mirror finish”. In order to characterize the quality of the single crystals and to quantify the radiation damage, energetic light ions, such as helium ions, are aligned along a major crystallographic direction (i.e., an ion channel), and Rutherford backscattering spectrometry of the incident light ions is used to determine the local crystalline disorder as a function of depth. This ion beam analysis approach is generally referred to as ion-channeling, or specifically as Rutherford backscattering spectrometry in channeling geometry (RBS/C) when the backscattered particle is due to Rutherford scattering, and not non-Rutherford scattering or nuclear reactions The choice of ion type and energy used for the RBS/C measurements is based on the sample composition, density and the depth to be probed. Along with the use of ion-channeling for the damage analysis, the Stopping and Range of Ions in Matter (SRIM) set of packages is employed to determine the depth distribution of ion-induced damage, including the depth of peak damage, and the local damage dose for a given set of experimental parameters. As noted, Rutherford backscattering spectrometry (RBS) is typically used to determine the damage evolution, along with an iterative procedure to develop a quantitative damage profile [98,99].     
	The intention of the ion-irradiation experiments in this dissertation is to induce irradiation damage in a single crystalline HEO pyrochlore, analyze the accumulation of damage with increasing ion fluence, and assess this damage evolution by comparing the resulting disordering behavior with previously reported single rare-earth pyrochlore oxides. Raman spectroscopy, ion channeling techniques, and Transmission Electron Microscopy (TEM) analysis are used to characterize damage results.
[bookmark: _Toc102125214]3.6.2 Ion-Irradiation Procedure  

This section is provided to describe the general procedure of ion irradiation. Further discussion and details on the specifics of the conditions applied to the HEO pyrochlore crystal are provided in Chapter 5. A Tandem ion accelerator located at the University of Tennessee, Knoxville’s Ion Beam Materials Laboratory (UT-IBML) with a ~ 3 MeV (maximum terminal voltage) was employed for the irradiation studies of the HEO single crystals [100]. Two sources were used for this study: one is the Alphatross, which produces He ions for ion channeling, and the second is the SINCS (Source of Negative Ions by Cesium Sputtering) which produces a large variety of negative ions from C to Au by sputtering and Cs vapor charge exchange. The negative ions are injected into the tandem accelerator and accelerated to higher energies by the positive potential created by the high-voltage terminal shell in the middle of the accelerator. These accelerated negative ions pass through an exchange chamber of low-pressure nitrogen gas in the terminal shell which removes electrons producing positive ions that are further accelerated until they exit the accelerator. Since the ions exiting the accelerator can have different charge states and energies, the ions of interest are magnetically separated into one of three beamlines, where they are focused and steered onto the target sample for irradiation or RBS/C analysis.    
	As previously mentioned, SRIM software packages were used to determine reasonable experimental parameters. The stopping power (energy loss per unit distance) tables for any ion or solid can be determined up to 2 GeV/amu, separated into electronic and nuclear stopping power components. A Monte Carlo algorithm for estimating ion ranges and energy loss and damage production profiles production is also included with SRIM. The SRIM calculations in this dissertation were conducted under full cascade mode for obtaining accurate approximations of the depth profiles of atomic displacements and implanted ions. The threshold displacement energies for all the ions in the target material were set to 50 eV [101] and an experimentally derived density of 7 g/cm3 was used in the SRIM simulations. The local damage dose in displacements per atom (dpa) is determined using output files (VACANCY.txt and NOVAC.txt) generated from SRIM and expressed in Equation 3.3:


                                                                                                  (3.3)

where (x) is the local number of displacements (vacancies plus replacements) per cm ion at depth x and  is the atomic density (atoms cm-3). This equation gives an estimate of the number of atomic displacements generated from the irradiation exposure. The depth profile of implanted ions was determined from the Range.txt file generated in the SRIM calculations.
The single crystal sample irradiated in this study was ~ 9 mm in length with a width ranging from 2 to 4 mm. Figure 3.6 shows the crystal fixed to the holder using carbon tape for room temperature ion irradiation. Two separate experiments were carried out on the same single crystal sample using 4 MeV Au ions. The crystal was divided into two irradiation sections labeled A and B to specify the locations for the various applied fluences, as shown in Table 3.2. After Experiment 1 was concluded, the crystal surface was repolished to a mirror finish to remove the damaged surface layer in preparation for Experiment 2. 
[bookmark: _Toc102125215]3.6.3 Rutherford Backscattering Spectrometry (RBS) and Ion Channeling 
Rutherford Backscattering Spectrometry (RBS) is an analysis technique that measures the energy spectrum of backscattered ions from a material that is bombarded with high energy light ions. These collisions between the incident probe ion and the target ion are elastic in nature. Those backscattered ions in a small solid angle are measured by a silicon detector that is positioned at a specific angle from the surface, allowing the energy spectrum of the backscattered ions in that solid angle to be quantified. This process allows for the determination of the backscattered ion’s energy, which is plotted as counts versus the channel number (energy). Different elements with differing masses will scatter ions at different energies and angles. This variation in energies produces peaks or “edges” on the counts versus channel plots, which are characteristic of the material’s elements and is typically witnessed if the backscatter is collected on a material with random geometry (off channel). Therefore, RBS can determine elemental composition of a material over some depth. 


[image: ]
[bookmark: _Toc102021905]Figure 3.6: HEO single crystal mounted on the sample stage for room temperature ion irradiation of 4 MeV Au2+ ions with two irradiation areas labeled A and B.


[bookmark: _Hlk99317611]
























[bookmark: _Toc101296558]Table 3.2: Ion-irradiation experiments, irradiation rounds, and ion fluences for each area on HEO single crystal (YbHoTmErLu)2Ti2O7. Ion fluences are in ions/cm2.
	
	Experiment 1
	Experiment 2

	Irradiation Round
	Area A Fluences 
	Area B Fluences
	Area A Fluences
	Area B Fluences

	
	
	
	
	

	1
	1×1013
	4×1013
	5×1012
	1.5×1013

	2
	2×1013
	5×1013
	2.33×1013
	2.66×1013

	3
	3×1013
	6×1013
	3.33×1013
	3.66×1013

































[bookmark: _Hlk101274569]In addition, the depth distribution of implanted ions can be deduced by RBS. When the RBS probe ion (such as He) is scattered from the surface of a sample, the backscattered ion energy is discretely large. In contrast, when the RBS probe ion penetrates into the sample bulk, energy will be lost continuously as a consequence of the nuclear and electronic stopping powers for the ion in the sample. As a result, the backscattered depth can be discovered from the overall energy loss of the backscattered ion and experimentally predicted stopping powers.  
	As previously described, materials that contain atoms arranged in a random order will produce a lot of backscatter, resulting in higher counts measured by RBS. However, when a major crystallographic direction of a single crystal is aligned along the path of the incident high energy ions, rows of organized atoms will be revealed along with open “channels” where energetic ions can travel through by low angle scattering (Figure 3.7). When this occurs, significantly less backscattering is produced and detected. Therefore, low RBS yield (~ 10% or less) is produced in comparison to the random spectrum. Because of this phenomenon, the combination of Rutherford backscattering spectrometry and ion channeling geometry (RBS/C) can be used to detect impurities and defects in crystalline materials [102-104]. In our study, RBS/C is employed for the HEO single crystal irradiation study discussed in Chapter 5, allowing us to track and determine the damage and degree of amorphization.






[image: ]
[bookmark: _Toc102021906]Figure 3.7: (a) Material with random order (leads to more backscatter) and (b) a single crystal aligned so that rows of atoms (blue dots) are incident with the ion beam. The trajectory of a high energy ion is represented by the black arrows depicting low-angle scattering. 


[bookmark: _Toc420995908][bookmark: _Toc422997495][bookmark: _Hlk91592584][bookmark: _Toc102125216]

Synthesis, characterization, and single-crystal growth of a high-entropy rare-earth pyrochlore oxide

[bookmark: _Hlk97844556]A version of this chapter was originally published by Candice Kinsler-Fedon et. al.: C. Kinsler-Fedon, Q. Zheng, Q. Huang, E.S. Choi, J. Yan, H. Zhou, D. Mandrus, and V. Keppens, Synthesis, characterization, and single-crystal growth of a high-entropy rare-earth pyrochlore oxide, Physical Review Materials, 4, 104411 (2020). [39]

In this chapter, we report the synthesis, single crystal growth, X-ray diffraction, atomic-scale structure analysis, and magnetic property analysis of the high entropy pyrochlore oxide (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7.  


4.1 Introduction
The magnetic behavior in rare-earth pyrochlore oxides has been heavily investigated for decades [24-27,55]. The addition of multiple rare-earth cations to the geometrically frustrated sublattice site of the pyrochlore structure could potentially lead to new magnetic behavior given the complexity of the interactions. This report discusses the successful synthesis of (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 or (5RE0.2)2Ti2O7 HEO pyrochlore, its single-crystal growth using the optical floating-zone technique, and characterization of its structure and magnetic properties, identifying nanoscale-level mixed occupation of the rare-earth cations in the pyrochlore phase and significant evidence of an exotic magnetic ground state. Configurational entropy was chosen for the A site of the RE2Ti2O7 system because each rare-earth cation forms a pyrochlore in its single-component form, obeying the A-site to B-site cation ratio rule (1.36– 1.78, roughly) needed to form the (227) structure [51]. All five rare-earth cations are magnetic, and configurational entropy on this sublattice is expected to be a good starting point for discovering novel materials with possible spin-glass or spin liquid ground states.
4.2 Experimental Procedure

Generalized descriptions of the experimental methods and instrumentation used are provided in Chapter 3. This section is provided to explain the specific details for this study. Solid-state reaction was used to form a single-phase polycrystalline (5RE0.2)2Ti2O7. Starting reactants were Yb2O3 (99.9%), Tb2O3 (99.9%), Gd2O3 (99.9%), Dy2O3 (99.9%), Er2O3 (99.9%), and TiO2 (99.9%). The rare-earth oxide starting components were dried overnight at 1073 K in air. The dried powders were weighed at room temperature, combined, and mixed using a vibratory ball mill (SPEX 8000M Mixer/Mill) in a polypropylene grinding vial with two 12.7-mm methacrylate mixing balls for over an hour. The powder was pressed into a pellet, which was heated in a high-temperature box furnace at 1673 K for 20 hours in air. The pellet was removed, the x-ray diffraction pattern was checked, and reheated for another 20-hour heat treatment. This process was repeated (approximately 3–4 times) until a single-phase x-ray diffraction pattern was observed. Single crystals were grown using the floating-zone crystal growth technique with a two-mirror optical floating-zone furnace (Canon Machinery model SC1-MDH) and 1500-W halogen lamps. The single-phase powder was put into a balloon sleeve and pressed into a long rod pellet using a water cell press. The rod was heated at 1673 K for 20 hours and prepared for single-crystal growth as described in Chapter 3, section 1.2. Growing conditions for the (5RE0.2)2Ti2O7 crystal growth consisted of an oxygen atmosphere at a pressure of 0.3 MPa and a growth rate of 15–20 mm per hour. The rods were counter-rotated at 20–25 rpm. Scanning transmission electron microscopy (STEM) measurements were conducted for further confirmation of a single-phase structure and homogeneous distribution of the rare-earth cations. Single-crystalline and polycrystalline (5RE0.2)2Ti2O7 samples were crushed in ethanol. Drops of the resulting suspensions were deposited on lacey carbon TEM grids and dried in air for STEM observations. High-angle annular dark-field (HAADF) imaging and electron-energy loss spectroscopy (EELS) were performed using a Nion UltraSTEM100 equipped with a cold field-emission gun and a corrector of third- and fifth-order aberrations, operated at an accelerating voltage of 100 kV. HAADF-STEM images were collected with a probe convergence angle of 30 mrad and an inner collection angle of 86 mrad. EEL spectra were collected using a Gatan Enfinium spectrometer (Gatan Inc.) with a dispersion of 0.5 eV per channel and collection semiangle of 48 mrad. A superconducting interference device magnetometer (Quantum Design MPMS) was employed for the DC susceptibility measurements for the polycrystalline and single-crystal samples with an applied magnetic field of 1000 Oe and data were taken between 3 and 300 K. For the single crystal, the DC susceptibility was measured with the field parallel to the [100] direction. Magnetization versus field (M vs H) measurements were recorded using magnetic fields up to 7 T. Low-temperature (0.3–1.7 K) AC susceptibility measurements were performed at the National High Magnetic Field Laboratory with frequencies ranging from 47 to 995 Hz and magnetic fields up to 1 T. Laue diffraction, X-ray diffraction, and scanning electron microscopy analysis are as described in Chapter 3 using the instrumentation provided therein.

4.3 Results and Discussion
[bookmark: _Hlk20229588]

X-ray diffraction data and structure refinement recorded for polycrystalline (5RE0.2)2Ti2O7 (Figure 4.1) shows that the multicomponent oxide has a cubic structure and belongs to the  space group. The diffraction pattern matches closely with the patterns of the standard cubic pyrochlore rare-earth titanates. Results of the structure refinement, including refined crystallographic parameters and powder x-ray diffraction data, are listed in Appendix B. The lattice parameter was found to be 10.1152(3) Å for (5RE0.2)2Ti2O7, which is comparable to the single rare-earth component titanate pyrochlores from literature [34,54,105-107] listed in Table 4.1. The lattice parameter for (5RE0.2)2Ti2O7 falls in between the lattice parameters of Yb2Ti2O7 and Dy2Ti2 O7, consistent with an even proportion of each rare-earth ion on the rare-earth site of (5RE0.2)2Ti2O7. This result is expected given that the average ionic radius is ~ 1.0218 Å for the five rare-earth cations, which falls between Dy3+ (1.027 Å) and Yb3+ (0.985 Å). The final refinement results, which include setting values to the instrument parameters (U, V, W) and refining the instrument parameter “X” to improve the reflection intensities, are very reasonable with values for the wRp = 6.34%, Rexp = 4.38%, and the goodness of fit χ2 = 1.45. 
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[bookmark: _Toc102021907][bookmark: _Hlk17495475][bookmark: _Hlk17496324]Figure 4.1: Room temperature powder X-ray diffraction pattern of polycrystalline (5RE0.2)2Ti2O7. The refinement pattern (red line) overlays the observed pattern (black circles) which matches the  cubic structure (green vertical dashed lines are the Bragg reflections characteristic of the pyrochlore phase). The difference pattern is represented in blue below the diffraction pattern.











[bookmark: _Toc101296559]Table 4.1: List of comparable lattice parameters of the single-component rare-earth pyrochlore titanate oxides and HEO rare-earth pyrochlore titanate.
	Rare-Earth Titanate Pyrochlore Compounds
	Lattice Parameter (Å) 
	Reference

	Yb2Ti2O7
	10.09
	[34]

	Tb2Ti2O7
	10.158
	[105]

	Dy2Ti2O7
	10.131
	[106]

	Er2Ti2O7
	10.086
	[107]

	Gd2Ti2O7
	10.184
	[54]

	[bookmark: _Hlk91674480](Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7
	10.1152(3)
	




















Single crystalline (5RE0.2)2Ti2O7 was grown using the floating zone growth technique, with growing conditions as described in the Experimental Procedure. Figure 4.2(a) shows the resulting ingot of the single crystal growth, approximately 7 cm in length. The ingot has a brownish red color and is translucent. X-ray diffraction verified that the multi-crystal was of the cubic pyrochlore phase, confirming that it did not change phase during growth (Figure B1 in Appendix B). Laue diffraction was used to determine crystal quality (Figures 4.2(b)-(d)) and indicates that the ingot contained multiple crystals of good quality ranging in size from 4 mm to 2 cm. 
	A former study of growing the single component rare-earth titanate oxides using the same crystal growth technique reported success with slower growth rates ranging from 2.5 to 4 mm per hour [108], however, these rates were not successful for the HEO rare-earth pyrochlore. Multiple attempts to produce a completely single domain crystal by using slower growth speeds ranging from 2 to 10 mm per hour resulted in unstable growth environments with bubble pocket formation or detachment of the molten zone. Adjusting the pressure from 0.3 MPa to 0.2 MPa and pulling the crystal through the heated zone twice also had no improvement on the quality of the crystal. Growing the crystal at a rate between 15 to 20 mm per hour was our growth speed of choice and produced a more stable growth overall. Improvements on the growth technique to obtain a larger high-quality single crystal will need further experimentation. 
	Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX) analyses were conducted on both the polycrystalline and single crystal samples. A comparison of the compositions and elemental percentages in specific areas of each sample is shown in Figure 4.3 and Table 4.2, along with chemical composition mapping of (5RE0.2)2Ti2O7 polycrystal at 10 µm showing compositional uniformity of the five rare-earth cations at this scale (Figure 4.4). 
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[bookmark: _Toc102021908][bookmark: _Hlk101946012]Figure 4.2: (a) Resulting multi-crystal of (5RE0.2)2Ti2O7 of ~7 cm in length. (b)-(d) Laue diffraction patterns of (5RE0.2)2Ti2O7 taken from various sections of the ingot showing good quality with (b) aligned in the [111], (c) in the [110], and (d) in the [100].
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[bookmark: _Toc102021909]Figure 4.3: SEM image at 200 µm and area scan of single crystal (5RE0.2)2Ti2O7.















[bookmark: _Toc101296560]Table 4.2: Area scan concentration data for single crystal (5RE0.2)2Ti2O7.
	Element
	Atomic Number
	Mass Concentration (%)
	Mass Normalized (%)
	Atom Concentration (%)
	Absolute Error (%)

	Oxygen
	8
	15.68
	16.93
	56.48
	1.92

	Titanium
	22
	19.29
	20.84
	23.22
	0.56

	Gadolinium
	64
	11.30
	12.20
	4.14
	0.33

	Terbium
	65
	11.63
	12.56
	4.22
	0.34

	Dysprosium
	66
	11.69
	12.63
	4.15
	0.34

	Erbium
	68
	11.26
	12.16
	3.88
	0.33

	Ytterbium
	70
	11.73
	12.67
	3.91
	0.35

	 
	
	92.58
	100
	100
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[bookmark: _Toc102021910]Figure 4.4: Elemental mapping of polycrystalline (5RE0.2)2Ti2O7 showing homogeneity near 10 µm.




















Given the configurational complexity of this new oxide, it is necessary to employ multiple microscopy methods to provide a better understanding of this material’s structure and ion distribution at different scales. STEM-EELS was used to examine the homogeneity at smaller scales and further confirms a single-phase structure in both the single crystal and polycrystalline materials. In what follows, we will discuss the nanoscale and atomic analysis for the single crystal. .

The STEM observations were carried out along two main zone axes: [011] and [001], for both single crystalline and polycrystalline (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7. As shown in the inset in Figure 4.5(a), three types of cationic columns can be observed along the [011] direction, which consist of 100% heavier rare-earth atoms, 50% rare-earth atoms plus 50% Ti atoms, and 100% lighter Ti atoms, respectively. Since the HAADF image intensity is roughly proportional to  (Z is the atomic number), these three types of columns show brightest, intermediate, and weakest contrasts, respectively. No obvious local structural imperfections were observed in the single crystalline (Figure 4.5(a) and polycrystalline (Figure 4.5(b)) samples, indicating the mixed occupation of the five rare-earth elements maintains the pyrochlore structure, consistent with the XRD result.
	In contrast, as depicted in Figure 4.6(a), along the [001] direction, each cationic column involves 50% rare-earth atoms plus 50% Ti atoms, suggesting an optimal zone axis for the uniformity analysis on the five rare-earth elements Yb, Tb, Gd, Dy and Er in this pyrochlore structure. A region with in-plane dimensions of 27 nm × 27 nm for the single crystalline sample (Figure 4.6(a)) was selected to analyze the distribution of the five rare-earth elements at different scales. Using the log-ratio method as described in [109,110] from the corresponding low-loss EEL spectrum (Figure 4.7(a)), the thickness for this region is calculated to be around 26 nm, i.e. 25 unit cells with 25 rare-earth atoms and 25 Ti atoms in each cationic column. The M5-edges for these five rare-earth elements in the core-loss EEL spectra (Figure 4.7(b)) were used to acquire the chemical maps. Pixel size for the EEL mapping were first set to be around 0.7 nm × 0.7 nm, i.e. containing information of ~200 rare-earth atoms for each pixel. The obtained maps using their M5-edges are shown in Figure 4.6(c)-(g), respectively. These maps suggest quite uniform distribution of these five rare-earth elements at such scale. Similar results were found for the polycrystalline sample using the same process described for the single crystal. 
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[bookmark: _Toc102021911]Figure 4.5: HAADF-STEM images along the [011] zone axis for (a) single-crystalline and (b) polycrystalline (5RE0.2)2Ti2O7, respectively. The inset in (a) is the crystal structure in this projection, where only cations are shown (the red and the blue are Ti and rare-earth atoms, respectively). The intensity variations arise from three types of atomic columns along this direction. The columns with brightest, intermediate, and weakest contrasts involve 100% rare-earth atoms, 50% rare-earth atoms plus 50% Ti atoms, and 100% Ti atoms, respectively.
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[bookmark: _Toc102021912]Figure 4.6: HAADF-STEM imaging and nanoscale electron-energy loss spectroscopy (EELS) mapping along [001] for the single crystalline (5RE0.2)2Ti2O7. (a) Atomic-resolution HAADF image for the EELS mapping region with the dimension of 27 nm × 27 nm. (b)-(g) EELS mapping analysis: (b) HAADF image recorded simultaneously during the EELS data set acquisition; (c) Yb, (d) Tb, (e) Gd, (f) Dy, and (g) Er chemical maps obtained from their M5-signals, respectively. Note that each pixel in EELS maps is scanned by 16 × 16 for the simultaneously recorded HAADF image in (b), resulting in atomic-resolution in (b) while nano-scale resolution in the EELS maps in (c)-(g).
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[bookmark: _Toc102021913]Figure 4.7: (a) Average low-loss electron-energy loss (EEL) spectrum for the region in Figure 4.6(a). The thickness for this region is calculated to be ~0.5 using the log-ratio method, where  is an inelastic mean free path. (b) Average core-loss EEL spectrum for this region shows the M4,5 edges of Gd, Tb, Dy, Er and Yb, respectively.
























It can be concluded from the STEM-EELS results that the five rare-earth cations in the (5RE0.2)2Ti2O7 samples are distributed homogeneously down to ~2.3 nm.
[bookmark: _Hlk101276156]Atomic-resolution EEL mapping were carried out to emerge the distribution of these five rare-earth elements in each atomic column, as demonstrated in Figure 4.8, which show an inhomogeneous distribution. Different with those maps in Figure 4.6 c-g, of which each pixel covers the chemical information of ~200 rare-earth atoms, the atomic scale chemical maps in Figure 4.8 reveals the chemical uniformity information of each rare-earth elements among only 25 total rare-earth atoms. 2.3 nm × 2.3 nm × 2.3 nm and 1.2 nm × 1.2 nm × 1.2 nm volumes then could be roughly calculated to involve ~200 rare-earth atoms and 25 rare-earth atoms, respectively. Therefore, these two different-resolution EELS mapping analysis suggests that the five rare-earth elements Yb, Tb, Gd, Dy and Er likely distribute homogenously in the single crystalline (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 down to ~2.3 nm-scale.
The EELS mapping analyses were also carried out for the polycrystalline sample at different scales, as shown in Figure 4.9 and Figure 4.10, respectively. Similarly, the five rare-earth elements also appear to distribute homogenously down to ~2.3 nm-scale, but non-uniformly when the resolution goes down to ~1.2 nm-scale. 
As a result, the HAADF images along the [011] and [001] zone axes for single crystalline and polycrystalline (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 samples indicate the mixed occupation of the five rare-earth elements can still maintain the pyrochlore structure. Since the samples were not completely homogeneous at the atomic scale, this suggests that the rare-earth cations are not completely ordered (complete ordering would result in a superstructure lattice). This result is not surprising given that there are only 16 rare-earth sites in 1 unit cell × 1 unit cell × 1 unit cell (each unit cell ~ 1 nm), which explains why the 5 rare-earth cations would appear less homogenous below the 2 nm scale mark. Overall, the EELS maps for Yb, Tb, Gd, Dy and Er from nanoscale to atomic scale suggest relative homogeneity of these five rare-earth elements down to ~2.3 nm-scale in both single crystalline and polycrystalline samples.
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[bookmark: _Toc102021914]Figure 4.8: HAADF-STEM imaging and atomic scale electron-energy loss spectroscopy (EELS) mapping along [001] for the single-crystalline (5RE0.2)2Ti2O7. (a) Atomic-resolution HAADF image, where the green region was used for EELS mapping analysis in (b)-(g). (b) HAADF image recorded simultaneously during the EELS data set acquisition; (c) Yb, (d) Tb, (e) Gd, (f) Dy, and (g) Er chemical maps obtained from their M5-signals, respectively. 
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[bookmark: _Toc102021915]Figure 4.9: HAADF-STEM imaging and nano-scale electron-energy loss spectroscopy (EELS) mapping along [001] for the polycrystalline (5RE0.2)2Ti2O7. (a) Atomic-resolution HAADF image for the EELS mapping region with the dimension of 27 nm × 27 nm. (b)-(g) EELS mapping analysis: (b) HAADF image recorded simultaneously during the EELS data set acquisition; (c) Yb, (d) Tb, (e) Gd, (f) Dy, and (g) Er chemical maps obtained from their M5-signals, respectively. Note that each pixel in EELS maps is scanned by 16 × 16 for the simultaneously recorded HAADF image in (b), resulting in atomic-resolution in (b) while nano-scale resolution in the EELS maps in (c)-(g).
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[bookmark: _Toc102021916]Figure 4.10: HAADF-STEM imaging and atomic-scale electron-energy loss spectroscopy (EELS) mapping along [001] for the polycrystalline (5RE0.2)2Ti2O7. (a) Atomic-resolution HAADF image, where the green region was used for EELS mapping analysis in (b)-(g). (b) HAADF image recorded simultaneously during the EELS data set acquisition; (c) Yb, (d) Tb, (e) Gd, (f) Dy, and (g) Er chemical maps obtained from their M5-signals, respectively.







	







Figure 4.11 shows a comparison of the DC magnetic susceptibility measurements for polycrystalline and single crystalline (5RE0.2)2 Ti2 O7. Both samples (Figures 4.11(a) and (b)) show paramagnetic behavior from 3 K to 300 K. Curie-Weiss temperatures and effective magnetic moments were determined for each sample using the Curie-Weiss fits of the inverse susceptibility and are also listed in Table 4.3. The Curie-Weiss law 


                                                                                          (4.1)




[bookmark: _Hlk40690428][bookmark: _Hlk38667120][bookmark: _Hlk23257928]was used for these Curie-Weiss fits where χ is the magnetic susceptibility, C is the Curie constant, T is the absolute temperature, andis the Curie-Weiss temperature [111]. Using linear fits between 50 K and 300 K, the Curie-Weiss temperature for the single crystal is = -13.06(6) K and for the polycrystal = -2.91(6) K. These temperatures are both comparable to the Curie-Weiss temperatures found for the rare-earth titanate pyrochlores [111-119] and found in Table 4.4. 




The single crystal’s  is close to that of Gd2Ti2O7 and Er2Ti2O7, while the polycrystal’s  falls in between those of Gd2Ti2O7 and Dy2Ti2O7. Since the Curie-Weiss temperatures for both samples are negative, antiferromagnetic frustration in the lattice and antiferromagnetic exchange coupling are expected. The discrepancy between the 𝜃CW  temperatures of the single crystal and polycrystal is much reduced when using the Curie-Weiss fits between 3 K to 20 K, with = -2.98(0) K for the single crystal and = -3.14(1) K for the polycrystal. For the single crystal, there are some minor changes in slope between the higher and lower temperature fit ranges. This could be an indication of crystal electric field effects causing fluctuation of the magnetic interactions at the different temperature ranges.


[bookmark: _Toc101296561]Table 4.3: Calculated effective magnetic moments, applied field direction, temperature ranges, and Curie-Weiss temperatures for (5RE0.2)2Ti2O7.
   *Estimated standard deviations are 1𝜎
	
Sample
	Field Direction
	Temperature Range (K)
	Effective Magnetic Moment (µB)
	Curie-Weiss Temperature (K)

	Single Crystal
	along [100]
	3 - 20
	5.79
	-2.98(0)

	
	
	50 - 300
	6.50
	-13.06(6)

	Polycrystal
	-
	3 - 20
	5.46
	-3.14(1)

	
	
	50 - 300
	5.87
	-2.91(6)
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[bookmark: _Toc102021917]Figure 4.11: DC susceptibility measurements on (5RE0.2)2Ti2O7 polycrystal (a) and single crystal with applied magnetic field along the [100] direction (b) from 3 K to 300 K, along with the magnetization curves (c) at 3 K from -7 T to 7 T.
[bookmark: _Toc101296562]Table 4.4: Compilation of literature reported effective magnetic moments for the single component rare-earth pyrochlore oxides, temperature ranges measured, free ion magnetic moments, and Curie-Weiss temperatures.
   “-” indicates no reported value.
	
Rare-Earth Ion
	
Sample
	
Temperature Range (K)
	
RE23+Ti2O7 Magnetic Moment (µB)
	Free Ion Magnetic Moment (µB) Ref. [111]
	
Curie-Weiss Temperature (K)
	
Reference

	Yb3+
	Polycrystal
	5 - 11
	3.33
	4.54
	0.59
	[112]

	
	Polycrystal
	-
	1.15
	
	0.75
	[113]

	Tb3+
	Polycrystal
	-
	9.40
	9.72
	-19
	[114]

	
	Polycrystal
	200 - 300
	9.60
	
	-18.9
	[115]

	
Gd3+
	Polycrystal
	50 - 300
	7.22
	7.94
	-8.95
	[112]

	
	Polycrystal
	10 - 300
	7.70
	
	-9.60
	[116]

	
	Polycrystal
	-
	7.80
	
	-11.70
	[118]

	

Er3+
	Polycrystal
	50 - 300
	8.93
	9.58
	-15.93
	[112]

	
	Polycrystal
	20 - 50
	9.34
	
	-22.3
	

	
	Single Crystal
	-
	3.01
	
	-
	[119]

	

Dy3+
	Polycrystal
	10 - 20
	9.59
	10.65
	-0.20
	[112]

	
	Polycrystal
	-
	9.96
	
	-0.65
	[118]

	
	Single Crystal
	near 70
	10.03
	
	-0.8
	[117]

	
	
	near 300
	10.51
	
	-
	













[bookmark: _Hlk46673210][bookmark: _Hlk40690961][bookmark: _Hlk40691065][bookmark: _Hlk40691146][bookmark: _Hlk20231885]The effective magnetic moment from 50 K to 300 K for the single crystal is = 6.50 , making it slightly higher than the polycrystal’s effective moment (= 5.87 ). From 3 K to 20 K, the effective magnetic moments for the polycrystal (= 5.46 ) and single crystal (= 5.79 ) are more agreeable, and remain consistent with the higher temperature calculated values. These values are smaller than the calculated average (roughly = 8.48 ) from the free ion magnetic moments of each of the five rare-earth cations having an oxidation state of 3+ listed in Table 4.4. It is probable that competing magnetic interactions between the five different rare-earth cations on the A-site, chemical pressure, or possible lattice distortions could contribute to the overall smaller effective magnetic moments. The effective magnetic moments of the single component rare-earth titanate pyrochlores found from literature [112-119] also show signs of variation compared to their expected free-ion magnetic moments. Due to single ion magnetic anisotropy in Er2Ti2O7 and Dy2Ti2O7, the values reported for these compounds vary depending on field and direction [112,117,119]. Several studies have found smaller values for the effective magnetic moments in comparison to their free-ion moments [112-113,117-119], including a study that reported the effective magnetic moment of Yb2Ti2O7 showing temperature dependence [112]. It is therefore difficult to fully determine an average of the single component rare-earth pyrochlore oxides that agrees perfectly with the effective magnetic moments found for both the HEO polycrystal and single crystal.  
The magnetization curves for the polycrystal and single crystal samples obtained at 3 K are displayed in Figure 4.11(c). Neither crystal nor polycrystal reaches complete magnetic saturation up to 7 T, and higher magnetic fields are needed to determine the saturation magnetization. The (5RE0.2)2 Ti2 O7 single crystal shows a higher magnetization overall in comparison to the polycrystal. 

[bookmark: _Hlk40691916]AC susceptibility measurements on the single crystal sample between 0.3 K and 1.7 K are displayed in Figure 4.12. A noticeable broad peak near 0.94 K in Figure 4.12(a) begins to decrease and shift toward lower temperatures as the field is increased from 0 T to 1 T, indicating that the system’s interactions are antiferromagnetic. Figure 4.12(b) shows a peak that is characteristic of the spin freezing temperature at approximately  0.84 K and moves from 
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[bookmark: _Toc102021918]Figure 4.12: AC susceptibility measurements (the real part) on single crystal (5RE0.2)2Ti2O7 from temperatures of 0.3 K to 1.7 K with (a) magnetic fields ranging from 0 T to 1 T and (b) dependence on frequency ranging from 47 Hz to 995 Hz, indicating a spin-glass magnetic ground state. (c) Linear relation of frequency dependence to freezing temperature (Vogel-Fulcher law).

0.84 K to 0.98 K as the frequency increases from 47 Hz to 995 Hz. This frequency dependence may signal a possible spin-glass ground state.
	In order to have a spin-glass material, site disorder and frustration must be present [93]. As mentioned previously, disorder exists in this material due to the presence and randomization of the five rare-earth cations on the A-site. The frustration index
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is often used to measure the level of frustration in a system and indicates frustration if  [93]. In (5RE0.2)2Ti2O7, we find a frustration value of ~15.5 using the single crystal values = -13.06(6) K and  0.84 K. This value represents a material having strong geometric frustration (), providing evidence for a spin-glass [93,120]. If the single crystal value = -2.98(0) K found from the Curie-Weiss fit between 3 K to 20 K is used, we get a frustration value of ~ 3.5 which is still a clear indicator of system frustration. Figure 4.12(c) is a relation of the frequency dependence with the freezing temperature using the Vogel-Fulcher law represented by
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where  is the activation energy,  is the intrinsic relaxation time,  is the frequency, and is ideal glass temperature for the system [120,121]. A value between s (conventional spin-glasses) and s (cluster glasses) represents the typical range of possible intrinsic relaxation times for spin-glasses [93,120-121]. For this reason, s is used for 𝜏0 in this fit and gave reasonable values of  = 0.5 meV and  = 0.37 K. The fit shows reasonable linearity of the freezing temperatures using the Vogel-Fulcher law, providing extended evidence of glassy behavior. Although there is significant evidence for a spin-glass ground state, further measurements such as specific heat and inelastic neutron scattering are still needed to verify this behavior, understand the local magnetic structure, and confirm the ground state transition. 


4.4 Summary
We report the synthesis, structure, and magnetic characterization of a new high entropy, configurationally complex oxide (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7, also referred to as (5RE0.2)2Ti2O7. We have shown that this material can be synthesized in the cubic pyrochlore phase (227) and single crystals of good quality can be grown using the floating zone growth technique. STEM-EELS results further support single-phase polycrystalline and single crystalline materials and confirm cation homogeneity down to ~2.3 nm. Susceptibility and magnetization studies on this oxide indicate antiferromagnetic exchange coupling, and the effective magnetic moments and Curie-Weiss temperatures were determined and reported. Low temperature AC susceptibility measurements suggest a spin-glass magnetic ground state.
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Effects of ion-irradiation induced damage in high-entropy pyrochlore oxide single crystals
[bookmark: _Hlk101483091]A version of this chapter was submitted to Scripta Materialia and authored by C. Kinsler-Fedon, L. Nuckols, C. Nelson, Z. Qi, Q. Huang, D. Mandrus, Y. Zhang, W.J. Weber, and V. Keppens, Effects of Au2+ irradiation induced damage in a high-entropy pyrochlore oxide single crystal, Scripta Materialia, (2022). [122]

In this chapter, we report an ion-irradiation study of a compositionally complex (high entropy) pyrochlore oxide. The damage produced from 4 MeV Au2+ ion irradiation on single crystal (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 aligned along the [100] direction is investigated at room temperature by Rutherford backscattering spectrometry in channeling mode (RBS/C). Damage profiles based on RBS/C are presented and compared to single-component pyrochlore titanate oxides to evaluate the relative resistance to irradiation-induced amorphization. Additional results from a separate preliminary irradiation study will be discussed near the end of this chapter on HEO composition (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7. . 



5.1 Introduction

When considering materials for nuclear waste management, the RE23+Ti24+O7 pyrochlore materials have been studied extensively by the incorporation of actinides [20,123-125]. It is understood that rare-earth titanate pyrochlores respond to ion irradiation by transforming into an amorphous state once it reaches a specific local damage dose under a given irradiation condition. The specific dose for the amorphous transition is highly dependent upon the incident ion mass and energy, as well as the size of the rare-earth cation (the larger the rare-earth cation, the greater the resistance to amorphization). Until now, no studies have been reported on the effects of irradiation induced damage on a high entropy titanate pyrochlore single crystal to understand its amorphization behavior. Extending the study of ternary rare-earth pyrochlore oxides and their radiation response to the area of HEOs and multicomponent materials is necessary to improve or expand our options for storing nuclear waste and radioactive materials. At the same time, controlled response to ion irradiation offers potential for tuning properties and creating new functionalities in these compounds. Because multicomponent materials typically possess heavily distorted lattices and improved chemical durability, these materials can be highly attractive for radiation applications [126]. Within the past few years, radiation damage related research has gained momentum for configurationally complex materials, such as high entropy alloys (HEAs) [126-129], high entropy carbides [130], and even more recently high entropy oxides have been proposed as nuclear waste forms [90-91]. Some novel findings from these recent reports include improved radiation resistance, enhanced mechanical properties at elevated temperatures, excellent structural stabilities, high corrosion resistance, and reduced irradiation hardening. The tunability of the chemical and mechanical properties by manipulating the number of cations, the entropy site disorder, and mixing possibilities can enhance the properties and lead to a wider range of possible applications. 
	Because irradiation damage in single component pyrochlore oxides has been studied in detail [19,23,50,131], an examination of irradiation damage effects in a high entropy pyrochlore oxide is a logical extension. Large, high-quality single crystals of (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 can be grown via the floating zone technique, making it an ideal candidate for analysis by Rutherford backscattering spectrometry in channeling mode (RBS/C). The damage profiles from 4 MeV Au ions are reported for (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7, and the results are compared to selected standard rare-earth pyrochlore oxides. In addition, preliminary ion-irradiation experimentation on (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 will be briefly discussed, along with Raman spectroscopy characterization following irradiations from 23 MeV Ni ions.

5.2 Experimental Procedure

[bookmark: _Hlk98000964]Generalized descriptions of the experimental methods and instrumentation used are provided in Chapter 3. This section is provided to explain the specifics of the experimental regime for the Au-ion irradiation study of the (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 single crystal. Chapter 4 discusses the synthesis and preparation for the (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7. As described in Chapter 3, solid state reactions were used to synthesize (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7. Single crystal (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 was grown using the floating-zone growth technique and a two-mirror optical floating-zone furnace (Canon Machinery model SC1- MDH) with 1500-W halogen lamps. This crystal growth procedure is similar to (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 described in Chapter 4.2, using an oxygen atmosphere at a pressure of 0.2 MPa and a growth rate of 5-6 mm per hour. The rods were counter-rotated at 20–25 rpm. Laue diffraction, using a Huber X-ray diffractometer and HD-CR 35 NDT (digital image plate scanner), was employed to determine crystal quality and align the crystal along the [100] direction for ion beam bombardment. An oval-shaped piece, roughly 9 mm in length and 1 mm in thickness, was cut from the oriented rod and polished to a mirror finish. Scanning electron microscopy using a Zeiss EVO scanning electron microscope with Bruker xFlash 6130 energy-dispersive X-ray spectrometer (EDXS) were used to analyze the single crystal surface prior to irradiation to confirm cation homogeneity (color mapping) and compositional stoichiometry. These results are summarized in Appendix C. 
	Room temperature Au-ion irradiations and ion beam analysis via Rutherford backscattering spectrometry (RBS/C) were performed using the 3 MeV tandem accelerator and associated facilities at the Ion Beam Materials Laboratory (IBML) at the University of Tennessee, Knoxville [100]. 4 MeV Au2+ ions were chosen as the irradiating species to ensure damage is shallow enough to be measured using RBS/C analysis. It also allows for comparison of the disordering behavior to that of other RE pyrochlores [98-99,131]. Irradiations were performed 4° off the normal surface to limit undesired channeling effects in the single crystal. Ion fluences ranged from 5×1012 to 6×1013 cm-2 to induce a wide range of damage states in the target material. A flux of 4.2×1011 cm-2s-1 was constant for all the irradiations. The irradiating beam was slightly wobbled and defocused so that the resulting damage was uniform. In-situ damage accumulation along the [100] direction was determined using RBS/C under high (< 2.0×10-7 torr) vacuum using a 3.5 MeV He+ ion beam to obtain quantitative RBS/C spectra to a depth of ~850 nm. Disorder profiles were determined from the RBS/C spectra using the iterative procedure described elsewhere [132]. The Stopping and Range in Matter code (SRIM code) [133], in full-cascade mode [134], was used to determine the depth profiles of atomic displacements for the 4 MeV Au ions. The threshold displacement energies for all the ions in the target material were set to 50 eV [101] and an experimentally derived density of 7 g/cm3 was used in the SRIM simulations. The irradiated crystal was prepared for Transmission Electron Microscopy (TEM) analysis by first coating the surface with a thin layer of carbon and milling two (~3 microns in depth from the irradiated surface) specimens from the two irradiated areas of the crystal. The milling was achieved by FIB-SEM (focused ion beam scanning electron microscopy) using a high-resolution Zeiss Auriga scanning electron microscope with the probe operating at 5 kV and 20 pA and an accelerating voltage (EHT) of 7 kV. TEM was performed on an FEI Titan at 300kV. Diffraction contrast images were captured using the two-beam condition with the sample tilted slightly off the zone axis to isolate diffraction from the (001) normal planes.  


5.3 Results and Discussion

Based on the SRIM simulations, the depth profiles of local damage dose (displacements per atom or dpa) and implanted Au concentration at the highest ion fluence in this study (6×1013 cm-2 ) are shown in Figure 5.1. The predicted damage profiles for all ion fluences employed in this irradiation experiment are provided in Figure 5.2. Under these irradiation conditions, the damage peak is at a depth of ~ 400 nm, and the peak concentration of implanted Au is predicted to be at ~ 520 nm.
	Two separate irradiation experiments under identical conditions were performed on the same single crystal sample, which was repolished to remove damage from the first irradiation experiment prior to the second irradiation. The disorder accumulation curves shown in Figures 5.3(a) and 5.3(b) represent the two separate experiments and show the depth profiles of damage accumulation at various ion fluences, from 0.5 to 3.6 × 1013 cm-2, on the RE sublattice. To obtain these damage profiles, an iterative process [132] using the raw RBS spectra (Figure 5.4) has been performed to generate the disorder in the material versus depth. This process allows for the removal of dechanneling effects and is commonly employed for this purpose [98-99,132]. A more detailed description of this process and how it is used is found elsewhere [132]. 
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[bookmark: _Toc102021919]Figure 5.1: The depth profiles of local damage dose (dpa), represented by solid black squares, and implanted Au concentration (appm), represented by solid red circles predicted by SRIM simulations for an ion fluence of 6 ×1013 cm-2. Solid red and black lines are fits to the data.
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[bookmark: _Toc102021920]Figure 5.2: Local damage dose (dpa) as a function of depth following 4 MeV Au2+ irradiation to ion fluences from 0.5 to 6 (×1013 cm-2) of (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7.
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[bookmark: _Toc102021921]Figure 5.3: (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 rare-earth sublattice disorder curves following 4 MeV Au2+ irradiation with ion fluences ranging from (a) 1 to 3 (×1013 cm-2) and (b) 0.5 to 3.6 (×1013 cm-2). Solid lines represent fits to the data. (c) Relative rare-earth disorder at the damage peak as a function of Au fluence and dose. The solid red line is the fit of the damage accumulation along with the amorphous region fa (green dashed line) and the residual crystalline region Sd (blue dashed/dotted line).

Using the experimentally derived density of 7 g/cm3 for the SRIM simulations, the He ion stopping power as a function of energy was determined for the HEO pyrochlore, and the energy difference per channel was used to determine the depth. Ultimately, these depth profiles show that the disorder increases with increasing ion fluence and a slight shift of the damage peak toward the surface, resulting in a fully amorphous material at the damage peak for a fluence of about 3.66×1013 cm-2.
	The accumulation of relative rare-earth disorder at the damage peak as a function of ion fluence and local damage dose is shown in Figure 5.3(c). In order to describe this damage accumulation behavior, a disorder accumulation model is employed [98-99,131]. Eq. 5.1 represents this model, with S being the total irradiation-induced disorder, fa is the amorphous fraction, and Sd is the defect-induced disorder in the remaining damaged crystalline regions.


                                                                                               (5.1)

This model is also referred to as the DI/DS model (direct-impact, defect-stimulated) [135]. For the amorphous fraction, Eq. 5.2 describes the relationship between σa (direct amorphous cross section), σs (defect-stimulated amorphous cross section), and D is either the local dose (in dpa) or ion fluence. 


                                             (5.2)

To account for the damage caused by defects in the crystalline structure, Eq. 5.3 quantitatively represents this damage given the saturation value Sd* and a constant B that corresponds to the cross section relating to the probability of defect recombination processes [131]. 


                                                                    (5.3)

Figure 5.3(c) summarizes the collective results from this damage accumulation model, showing the contributions from fa and Sd and a fit to the mixed RE disorder at the damage peak at ambient temperature. The relative RE disorder as a function of Au fluence (ions/nm2) and dose (dpa) reveals a nonlinear behavior with complete amorphization shown at ~ 0.13 dpa and 4 MeV Au fluences of ~ 0.37 (ions/nm2). These results are comparable to similar studies on other rare-earth titanate pyrochlores [98-99,131], and Table 5.1 summarizes the ion fluence and dose experimentally found for attaining complete amorphization at the damage peak in each composition. The HEO pyrochlore’s dose for amorphization appears to be slightly higher than Ho2Ti2O7, indicating more radiation resistance, but lower than that for Sm2Ti2O7, suggesting less radiation resistance. Likewise, when compared to Gd2Ti2O7, which was irradiated under similar conditions (4 MeV Au ions), the HEO pyrochlore appears to be less radiation resistant.
	It must also be noted that the Au ion energies are lower for Sm2Ti2O7 and Ho2Ti2O7 (1 MeV), which may affect a direct comparison with the HEO pyrochlore (4 MeV). Under 1 MeV Kr ion irradiation, the critical dose for amorphization of simple rare-earth titanate pyrochlores at room temperature varies by up to a factor of three depending on the specific rare-earth element on the A-site [22]; however, the critical dose under 0.6 MeV Bi ion irradiation is 0.18  0.01 dpa for A2Ti2O7 (A = Y, Sm, Gd, Lu) pyrochlores [101], which is comparable to the results in Table 5.1. The HEO pyrochlore in this study may represent the behavior of a mixture of pyrochlores with a range of critical doses (amorphization resistance), but additional studies on relevant rare-earth pyrochlores under identical heavy-ion irradiation conditions are needed to better understand this behavior.
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[bookmark: _Toc102021922]Figure 5.4: RBS channeling spectra for the HEO titanate pyrochlore (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 aligned in the [100] direction.












[bookmark: _Toc101296563]Table 5.1: Comparison of the HEO pyrochlore irradiation conditions and fluence/dose for achieving amorphous state at damage peak with those of single-component rare-earth titanate pyrochlores.

	Rare-Earth Titanate Pyrochlore Composition
	Irradiation Species
	Ion Fluence for Amorphization
	Amorphization Dose (dpa)
	Reference

	Gd2Ti2O7
	4.0 MeV Au
	4.5x1013 cm-2
	0.15
	[131]

	Sm2Ti2O7
	1.0 MeV Au
	4.0x1013 cm-2
	0.14
	[99]

	Ho2Ti2O7
	1.0 MeV Au
	2.7x1013 cm-2
	0.12
	[98]

	(Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7
	4.0 MeV Au
	3.6x1013 cm-2
	0.13
	




	

















	The amorphization parameters derived from the model fit discussed above are listed in Table 5.2, along with those experimentally found for Gd2Ti2O7 from a previous study [131]. Because σs is significantly larger than σa, amorphization induced by accumulating defects is the most probable cause for overall amorphization in this HEO. At low doses up to ~0.065 dpa, the disorder caused by defects, Sd, has a greater influence on the HEO. At doses greater than ~0.07 dpa, the impact of the amorphous fraction, fa, becomes dominant. These phenomena are common observations similar to previous reports for the typical, single-component titanate pyrochlores; however, this effect occurs at a higher dose in the HEO compared to the Ho and Sm pyrochlores (~0.03 dpa) [98-99]. The accumulation of disorder at the damage peak for the HEO titanate pyrochlore and Gd2Ti2O7 are compared in Figure 5.5 for similar 4 MeV Au ion irradiations at room temperature. There are notable differences in disordering behavior between the two pyrochlores, as illustrated in Table 5.2 and Figure 5.5. At lower doses, the behavior of the different pyrochlores is relatively similar, but at a dose of ~0.09 dpa, a clear divergence in the total irradiation-induced disorder is shown. This divergence shows that Gd2Ti2O7 has a slower rate of defect-stimulated amorphization in comparison to that of the HEO pyrochlore, which is also reflected by the higher defect-stimulated cross section σs for the HEO found in Table 5.2. The HEO pyrochlore does have a smaller direct amorphization cross section σa meaning that it is slightly less susceptible to direct amorphous behavior upon impact of heavy ions. From these results, it can be concluded that overall Gd2Ti2O7 has higher radiation resistance than the HEO at room temperature.










[bookmark: _Toc101296564]Table 5.2: Comparison of the HEO’s amorphization model parameters to Gd2Ti2O7 [131]. These parameters were determined from data fits shown in Figures 5.3(c) and 5.5.
	Amorphization Parameters
	HEO RE sublattice
	Gd sublattice

	σa
	0.022 nm2
	0.50 ± 0.25 nm2

	σs
	31.65 nm2
	13 ± 2 nm2

	Sd*
	0.3 nm2
	0.15 ± 0.4 nm2

	B
	5 nm2
	2.8 ± 4 nm2
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[bookmark: _Toc102021923]Figure 5.5: Comparison of rare-earth disorder at the damage peak as a function of dose between reported Gd2Ti2O7 [131] and HEO (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 single crystals with 4.0 MeV Au ions at 300 K. The red and blue solid lines are fits to the damage data points. 
	










	Cross-sectional TEM was conducted to characterize the resulting radiation damage of the HEO pyrochlore single crystal. Figures 5.6(a) and (b) are dark field micrographs showing the layers of damage at ion fluences of 3.33 and 3.66 (×1013 cm-2), respectively. The damaged region extends from the surface to ~ 800 nm in depth, with a peak in damage at a depth of 450 to 550 nm, which is consistent with the RBS/C results. Beyond this depth, a virgin region of crystal exists that was unaffected by the ion beam. It is suspected that cation disordering and defects are the primary factors leading to amorphization in this HEO crystal composition when exposed to 4 MeV Au irradiation, as predicted by the DI/DS model previously discussed. The local atomic displacements on the A lattice sites due to the random distribution of rare-earth cations may contribute to an increased instability and susceptibility to amorphization. The dark-light mottled contrast in the damaged layer is evidence of damage appearing as strained residual crystalline regions (light contrast) and unstrained amorphous regions (dark contrast) in Figures 5.6(a) and (b). While the SAED patterns indicate the presence of amorphous material, this may be due to amorphous material in the damaged layer and/or the amorphous graphite capping material. The TEM results are consistent with the RBS/C data fits in Figure 5.3(c) and in Table 5.2 that predict defect-stimulated amorphization is the primary cause of the observed crystalline to amorphous transition.
	A second HEO pyrochlore composition (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 was irradiated with 23 MeV Ni ions. Following these irradiations, Raman spectroscopy was conducted, as shown in Figure 5.7. The results suggest that this composition does not become amorphous until the highest fluence of 4x1016 ions/cm2. However, it is possible that this composition may have undergone some crystallization recovery due to the transient thermal spike induced by the high electronic energy loss of each 23 MeV Ni ion during the irradiations. In order to understand this composition’s room temperature amorphization resistance, a more complete study will need to be conducted.  
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[bookmark: _Toc102021924]Figure 5.6: Cross-sectional TEM dark-field micrographs unveiling the damaged regions near the surface of the irradiated HEO pyrochlore crystal with 4 MeV Au2+ ions corresponding to the regions irradiated to ion fluences of (a) 3.33×1013 cm-2 and (b) 3.66×1013 cm-2. Insets are SAED patterns taken on-axis, with the arrows highlighting the image forming g-vector.














[image: Chart, histogram

Description automatically generated]
[bookmark: _Toc102021925][bookmark: _Hlk101290576]Figure 5.7: Raman spectroscopy results for HEO composition (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 following 23 MeV Ni ions. Amorphization occurs at the highest ion fluence (4x1016 ions/cm2).











5.4 Summary
A single crystal of the novel HEO pyrochlore (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 was successfully synthesized and characterized for its resistance to irradiation-induced amorphization using Rutherford Backscattering Spectrometry in channeling geometry. 4 MeV Au2+ irradiation was employed with ion fluences from 0.5 to 6 ×1013 cm-2 at ambient temperature. Under these conditions, an amorphous state in the HEO occurs at an ion fluence of 3.66×1013 cm-2 and a damage dose of ~0.13 dpa. From these results, it appears that the HEO may be slightly more resistant to amorphization than the single component Ho pyrochlore but less radiation resistant than the Sm and Gd pyrochlores. More studies are being conducted to gain a complete understanding of this HEO’s amorphization resistance at various temperatures. A complete room temperature study is necessary to gain a definitive understanding of the (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7 composition’s radiation resistance. It is possible that recrystallization from the high temperatures generated during the irradiation could have contributed to the appearance of high amorphization resistance. Given the promise of advanced properties in multicomponent oxides, expanding the study to include a variety of compositions and different structures with various levels of ion complexity will contribute to a better understanding of their response to irradiation damage. In addition, it is possible that irradiated configurationally complex pyrochlore oxides possess increased ionic conductivity or enhanced magnetic properties, as observed in other amorphous pyrochlores [124,136-137]. As the properties or functionalities of irradiation damaged HEOs are largely unknown, further studies are warranted.









[bookmark: _Toc102125218]
Non-ambient x-ray diffraction for the study of the structural stability of entropic pyrochlore oxides at elevated temperatures


6.1 Introduction

[bookmark: _Hlk91763282]Ceramic oxide compounds are notorious for having high thermal resistant properties such as low thermal conductivity, thermal shock resistance, corrosion resistance, and low thermal expansion coefficients [43-45]. These properties have been explored in a few novel high entropy oxide compositions that may be viable candidates for potential applications, including ceramic thermal barrier coatings, combustion liners, and gas diffusion pipes [35,36,71,76-79]. In this study, we explore the high temperature structural stability of five high entropy pyrochlore oxide compositions and one HEO with the TKL structure via non-ambient X-ray diffraction up to 1200 ˚C. For each single-phase composition, the phase and lattice expansion are monitored by employing sequential refinements (GSAS-II software) to determine the change in lattice parameter. The synthesis of the compounds and the details of the X-ray diffraction experiments are described in Chapter 3. 


6.2 Results

This section displays the individual high-temperature X-ray diffraction results for each composition. 
[bookmark: _Hlk99698693]
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[bookmark: _Toc102021926][bookmark: _Hlk93824968][bookmark: _Hlk93526248]Figure 6.1: (a) Non-ambient X-ray diffraction plot for (YbTbGdErDy)2Ti2O7 showing the pyrochlore structure expanding uniformly from 25˚C to 1200˚C. Inset is the expanded view of a diffraction peak from 29.8 to 31 ˚2θ. (b) Lattice parameter shift as a function of temperature up to 1200˚C (red line represents a linear fit to the data). (c) Length and volume trends with respect to temperature.
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[bookmark: _Toc102021927]Figure 6.2: (a) Non-ambient X-ray diffraction plot for (YbHoErTmLu)2Ti2O7 showing the pyrochlore structure expanding uniformly from 25˚C to 1200˚C. Inset is the expanded view of a diffraction peak from 30 to 31 ˚2θ. (b) Lattice parameter shift as a function of temperature up to 1200˚C. (c) Length and volume trends with respect to temperature. 
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[bookmark: _Toc102021928]Figure 6.3: (a) Non-ambient X-ray diffraction plot for (EuNdSmLaPr)2Hf2O7 showing the pyrochlore structure expanding uniformly from 25˚C to 1200˚C. Inset is the expanded view of a diffraction peak from 29.5 to 29.5 ˚2θ. (b) Lattice parameter shift as a function of temperature up to 1200˚C. (c) Length and volume trends with respect to temperature.
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[bookmark: _Toc102021929]Figure 6.4: (a) Non-ambient X-ray diffraction plot for (GdNdSmLaPr)2Zr2O7 showing the pyrochlore structure expanding uniformly from 25˚C to 1200˚C. Inset is the expanded view of a diffraction peak from 28.4 to 29.6 ˚2θ. (b) Lattice parameter shift as a function of temperature up to 1200˚C. (c) Length and volume trends with respect to temperature.
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[bookmark: _Toc102021930]Figure 6.5: (a) Non-ambient X-ray diffraction plot for (DyHoSmGdNd)2Sn2O7 showing the pyrochlore structure expanding uniformly from 25˚C to 1200˚C. Inset is the expanded view of a diffraction peak from 28.5 to 30.5 ˚2θ. (b) Lattice parameter shift as a function of temperature up to 1200˚C. (c) Length and volume trends with respect to temperature.
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[bookmark: _Toc102021931]Figure 6.6: (a) Non-ambient X-ray diffraction plot for (NdSmEuGd)3Sb3Mg2O14 showing the rhombohedral kagome structure expanding uniformly from 25˚C to 1200˚C. Inset is the expanded view of a diffraction peak from 28 to 31˚2θ. (b) Lattice parameter shift as a function of temperature up to 1200˚C. (c) Length and volume trends with respect to temperature.








[bookmark: _Toc101296565]Table 6.1: List of experimentally derived linear thermal expansion coefficients for each HEO pyrochlore-type composition.
	HEO Composition
	Linear Expansion Coefficient αL (˚C-1)

	(YbTbGdErDy)2Ti2O7
	11.0×10-6

	[bookmark: RANGE!A3](YbHoTmErLu)2Ti2O7 
	10.8×10-6

	(DyHoSmGdNd)2Sn2O7
	8.77×10-6

	(EuPrSmLaNd)2Hf2O7 
	9.06×10-6

	(GdNdSmPrLa)2Zr2O7 
	10.1×10-6

	(NdSmEuGd)3Sb3Mg2O14 
	8.58×10-6

	
	9.16×10-6






























6.3 Discussion and Summary

High-temperature X-ray diffraction results (Figures 6.1 through 6.6) indicate that these HEO compositions expand uniformly from 25˚C to 1200˚C with no observable irregularities or change in phase. Equation 6.1 was used to determine the linear expansion coefficient for each composition (Table 6.1), 


                                                                                                          (6.1)





whereis the linear expansion coefficient, is initial length,  is change in length, and temperature change, All expansion coefficients are comparable (~ < 22% difference). The HEO pyrochlore compositions’ expansion coefficients presented here fall in the range of previously published thermal expansion coefficients of single component pyrochlores [43-45]. Kutty et al. found that RE zirconates and hafnates’ thermal expansion coefficients fell in the range of 8 to 11×10-6 K-1, which is agreeable with the HEO hafnate and zirconate pyrochlores. Similarly, a study on RE stannate pyrochlores found thermal expansion coefficients in the range of 7 to 9×10-6 K-1 [43], which is consistent with the results for our HEO stannate pyrochlore.
	The initial goal of this study was to determine if the addition of multiple cations on the A-sites contributed to any abnormalities in the expansion of the lattice. Typical lattice expansion with increasing temperature occurs when the diffraction peaks shift to lower ˚2θ due to the inverse proportionality of the peak positions with lattice parameter. This behavior was observed for all HEO pyrochlore-type compositions investigated, confirming that configurational entropy does not prevent thermal phase stability in these specific oxide compositions. As a result, these multicomponent oxides are stable structurally up to 1200˚C and possess low thermal expansion coefficients, indicating the potential for use in high-temperature applications. 




[bookmark: _Toc102125219]
Mechanical properties of high entropy pyrochlores using resonant ultrasound spectroscopy


7.1 Introduction

The mechanical properties of RE pyrochlore oxides have been well studied throughout the last decade both experimentally and computationally [21,46-48,138-141]. Depending on the composition, atomic bonding, and B cation size, these reports found that the mechanical properties of pyrochlores can vary widely. Feng et al., who conducted a study comparing the experimentally derived mechanical moduli results to the theoretical predictions for RE stannate pyrochlores, showed that elastic moduli values were larger than theoretically predicted. Because of these differences between experimental and theoretical results and the many variables that can affect the elastic constants in pyrochlore oxides, it is interesting to investigate how entropy and configurational complexity play a role in the mechanical properties and compare the findings to the non-HEO counterparts. As described in earlier chapters, some studies on HEO pyrochlores have reported experimental results of mechanical properties [81-87], providing some insight into specific HEO compositions and their mechanical elasticity and hardness. However, most of these studies only provide mechanical property analysis at ambient temperature. In this chapter, we report and discuss the room temperature and temperature-dependent resonant ultrasound studies on two HEO pyrochlore titanate single crystals and one dense HEO pyrochlore hafnate polycrystal and compare their results to selected single component pyrochlores with similar composition. The synthesis and preparation of these HEO pyrochlores for RUS are described in Chapter 3. 






7.2 Results and Discussion

[bookmark: _Hlk99721500]7.2.1 HEO Rare-Earth Titanate Pyrochlores

In this section, the elastic behavior of two HEO RE titanate pyrochlore single crystals will be discussed: (YbTbGdErDy)2Ti2O7 and (YbHoTmErLu)2Ti2O7. These single crystals were grown and synthesized at the University of Tennessee Knoxville, as described in chapters 3, 4, and 5, using solid state reactions and floating-zone growth techniques. Resulting crystals were aligned along the [100] direction and cut from larger (centimeters) sized crystal rods, which were shaped and polished down into rectangular parallelopipeds. As previously discussed, cubic single crystals possess three independent elastic moduli, typically referred to as C11, C12, and C44. When using RUS, these three elastic moduli are determined from the position of the sample’s free resonances. As these resonances are proportional to the square-root of the elastic moduli, any shift of these resonances with temperature is a direct reflection of the elastic moduli shift with temperature. In the results that follow, we show room temperature RUS fits and moduli temperature dependence for only one of the HEO single crystal compositions. However, for the other composition, we were still able to evaluate the elastic behavior’s temperature dependence by tracking its resonances with temperature. Both HEO pyrochlore titanate compositions contain a mix of magnetic RE cations on the A-site, making for interesting materials to investigate using RUS. Determining the differences in elastic response between the HEO compositions and their single component counterparts is crucial to further understand potential applications for these materials.
[bookmark: _Hlk99708952][bookmark: _Toc101296566]	Table 7.1 lists the room temperature elastic constants for HEO pyrochlore (YbHoTmErLu)2Ti2O7 and comparable single component titanate pyrochlores. The elastic constant results for the single component pyrochlores were taken from an experimental study [139] and a computational work [140]. It is determined from these results that this HEO follows the rule of mixtures and suggests that its mechanical properties are neither superior nor inferior to its parent pyrochlores, as the values of its elastic moduli fall in between those of the non-HEOs.  
Table 7.1: Room temperature elastic moduli values for single crystalline HEO pyrochlore (YbHoTmErLu)2Ti2O7 and parent non-HEO pyrochlores.
*Represents a computational study.
	Composition
	C11 (GPa)
	C12 (GPa)
	C44 Shear Modulus (GPa)
	rms error (%)
	Bulk Modulus (GPa)
	Young's Modulus (GPa)
	Poisson’s Ratio
	Reference

	(YbHoTmErLu)2Ti2O7 
	366
	146
	92
	0.50
	219
	241
	0.32
	This work

	Yb2Ti2O7
	318
	114
	82
	-
	182
	214
	0.30
	[139]

	Ho2Ti2O7
	355
	123
	98
	-
	200
	254
	0.29
	[139]

	Tm2Ti2O7*
	377
	126
	109
	-
	210
	278
	0.28
	[140]

	Er2Ti2O7*
	373
	127
	110
	-
	209
	280
	0.28
	[140]

	Lu2Ti2O7*
	382
	125
	108
	-
	211
	277
	0.28
	[140]









	
[bookmark: _Hlk101724956]Figure 7.1 shows the temperature dependence of the elastic constants for (YbHoTmErLu)2Ti2O7.  The data were collected from 50 to 300 K in 5 K increments using a Quantum Design VersaLab system. In this plot, C’ represents the difference between C11 and C12 divided by 2 (corresponding to one of the transverse sound velocities) and is plotted alongside the shear modulus C44. It can be determined from these elastic moduli trends that this HEO has typical elastic behavior in this temperature range, which is a consistent increase of the moduli going from ambient temperature (higher temperature) down to 50 K (lower temperature). Therefore, there is no indication of a transition in this material between 50 and 300 K. 
	Figure 7.2 is a plot of three individual resonant frequencies tracked with temperature from 5 to 350 K in 5 K increments for HEO single crystal (YbTbGdDyEr)2Ti2O7. Like that of (YbHoTmErLu)2Ti2O7, the material’s stiffness steadily increases from 350 down to 5 K with no sign of thermodynamic irregularities, hence this composition shows normal elastic behavior which is supported by the DC magnetic susceptibility curves shown and discussed in Chapter 4.   
	Given the temperature ranges examined with RUS, both HEO titanate pyrochlore compositions exhibit typical elastic behavior. The room temperature elastic moduli fit for (YbHoTmErLu)2Ti2O7 is comparable to those of the single component titanate pyrochlores, indicating analogous mechanical properties. 

7.2.2 HEO Rare-Earth Hafnate Pyrochlore 

This section covers the elastic response of one polycrystalline HEO hafnate pyrochlore and two single-component hafnate pyrochlores for comparison. As described in Chapter 3, the polycrystalline samples used for this study were synthesized using the solid state reaction technique. Dense pellets were achieved by hot pressing single-phase polycrystalline pellets in an argon atmosphere using a consistent pressure of 0.6 tons and temperatures ranging from 1400 to 1500˚C for 12 to 20 hours. Following a 10-hour graphite burn off, resulting pellets were checked with XRD to confirm that they maintained their single phase pyrochlore structure. These pellets were carefully shaped into rectangular parallelepiped pieces for RUS measurements, and their dimensions and masses were recorded to obtain approximate densities. 
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[bookmark: _Toc102021932]Figure 7.1: Temperature dependence of elastic constants C’ and C44 for (YbHoTmErLu)2Ti2O7 single crystal from 50 to 300 K.
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[bookmark: _Toc102021933][bookmark: _Hlk100137635][bookmark: _Hlk99721666]Figure 7.2: Temperature dependence showing individually tracked resonant frequencies for (YbTbGdDyEr)2Ti2O7 single crystal from 5 to 350 K.
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For polycrystals, there are only two independent elastic constants (C11 and C44) to be determined with RUS. These, along with the calculated Bulk modulus, Young’s modulus, and Poisson’s ratio are reported.
	Room temperature RUS measurements were carried out on each sample, with results displayed in Table 7.2 listing the experimentally derived elastic moduli, rms errors (for samples analyzed in this study), and elastic moduli published in another work [141]. When comparing the HEO hafnate’s room temperature elastic constants with its non-HEO parents, it can be noted that the values are within an agreeable range. Like the titanates, further examination of this HEO and its single component counterparts was necessary by way of temperature dependent RUS to probe their elastic behavior with temperature change. Figure 7.3 presents the HEO (EuNdSmLaPr)2Hf2O7 polycrystal’s C11 and C44 values analyzed from 50 to 325 K. The HEO hafnate’s elastic constants show typical elastic behavior at lower temperatures (from 50 to ~290 K). However, beginning near room temperature and increasing up to 325 K, a sharp change in the elastic behavior, or softening of the elastic constants, is observed. Alternatively, this change in elasticity cannot be explained via high-temperature X-ray diffraction, as shown in Chapter 6, where this HEO hafnate was examined from room temperature up to 1200˚C. The XRD patterns at these temperatures show no sign of a structural change. Likewise, magnetic susceptibility versus temperature (Figure E2 in Appendix E) measurements on this composition show no indication of a magnetic transition.
	To better understand this behavior, the elastic constants of polycrystalline La2Hf2O7 and Nd2Hf2O7 were also studied for comparison purposes. Figure 7.4(a) and (b) unveils the C44 elastic constant trend from 50 to 350 K for the La2Hf2O7 and Nd2Hf2O7 samples compared to (EuNdSmLaPr)2Hf2O7. Both compositions exhibit typical elastic behavior in this temperature range, with the HEO hafnate having lower shear modulus values in comparison. 







                        Table 7.2: Room temperature elastic moduli values for polycrystalline HEO pyrochlore (EuPrSmLaNd)2Hf2O7 and parent non-HEO pyrochlores.

*Represents a computational study.

	Composition
	C11 (GPa)
	C44 Shear Modulus (GPa)
	rms error (%)
	Bulk Modulus (GPa)
	Young's Modulus (GPa)
	Poisson’s Ratio
	Reference

	(EuPrSmLaNd)2Hf2O7 
	261
	86
	0.56
	147
	215
	0.26
	This work

	La2Hf2O7
	286
	90
	0.56
	167
	228
	0.27
	This work

	Nd2Hf2O7
	272
	90
	0.63
	152
	226
	0.25
	This work

	  Sm2Hf2O7*
	
302
	95
	-
	172
	242
	0.26
	[141]

	Pr2Hf2O7*
	288
	97
	-
	168
	243
	0.27
	[141]
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[bookmark: _Toc102021934][bookmark: _Hlk100138407]Figure 7.3: Temperature dependence of elastic constants C11 and C44 for (EuNdSmLaPr)2Hf2O7 polycrystal from 50 to 325 K.
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[bookmark: _Toc102021935]Figure 7.4: Comparison of the C44 (shear modulus) temperature dependence for (EuNdSmLaPr)2Hf2O7 with polycrystalline (a) La2Hf2O7 and (b) Nd2Hf2O7 from 50 to 350 K.





7.3 Summary

[bookmark: _Hlk100169105]Resonant ultrasound spectroscopy was employed to study the mechanical stiffness of three HEO pyrochlores and two parent compounds: single crystalline (YbHoTmErLu)2Ti2O7 and (YbTbGdDyEr)2Ti2O7 and polycrystalline (EuNdSmLaPr)2Hf2O7, La2Hf2O7, and Nd2Hf2O7. Mechanical properties of the single component pyrochlores were either synthesized in this study or gathered from other publications for comparison. The HEO titanate pyrochlores exhibit typical elastic behavior with temperature change, and (YbHoTmErLu)2Ti2O7 has room temperature elastic constants that fall within an expected range when compared to single component compositions. These results point to comparable mechanical properties. Likewise, HEO hafnate pyrochlore (EuNdSmLaPr)2Hf2O7 possesses elastic constants that are within range in comparison to the single component compositions; however, there is a significant softening in its elasticity between 300 and 330 K that has yet to be fully understood, warranting further investigation.  
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Conclusions and Recommendations


In this dissertation, we report multiple RE HEO pyrochlore-type compositions that were successfully synthesized and characterized for their magnetic, mechanical, structural, and irradiation resistant properties. We expanded the study of HEOs by synthesizing large, bulk single crystals of the titanates, and probed deeper into areas of characterization that had been previously overlooked. Following the initial characterization of confirming high-quality, single-phase samples using XRD and scanning electron microscopy for elemental distribution and homogeneity, further analysis of each composition comprised of bulk magnetization and DC susceptibility measurements which led to determining the approximate effective magnetic moments and Curie-Weiss temperatures for each composition. The magnetic susceptibility measurements also showed evidence of paramagnetic behavior from 3 to 300 K. For the (YbTbGdErDy)2Ti2O7 single crystal, low temperature AC susceptibility measurements indicated a spin freezing temperature of ~ 0.84 K with evidence to support a spin-glass ground state. Magnetism in HEOs, especially with many magnetic cations, has proven to be challenging to understand. Future suggestions for work would be to analyze the local magnetic structure by way of inelastic neutron scattering. Since we have shown that large single crystal can be synthesized, neutron scattering studies can be used for delving deeper into the local structure.  
	Similarly, ion-irradiation and Rutherford Backscattering Spectrometry has not yet been reported on HEO single crystals. It was discovered from this work that the (YbTmLuErHo)2Ti2O7 composition has room temperature irradiation resistance (~ 0.13 dpa) resembling that of the single component pyrochlores previously studied and is less irradiation resistant than the heavily examined Gd2Ti2O7. Alternatively, this same composition is being studied at higher temperatures using in-situ TEM to further understand how its amorphization resistance is affected by temperature. Likewise, preliminary ion-irradiation and Raman spectroscopy results indicate that the (YbTbGdErDy)2Ti2O7 single crystal may possess higher amorphization resistance. Future work would be to conduct a complete room temperature ion-irradiation and RBS/C study on this composition. Furthermore, the possibility of improved properties, such as ionic conductivity and enhanced magnetism, of multicomponent pyrochlore oxides from ion-irradiation could lead to interesting discoveries and new functionalities that have yet to be explored. 
	The thermal stability of the HEOs’ structure was studied employing non-ambient X-ray diffraction (otherwise known as high temperature X-ray diffraction or HTXRD). All successfully synthesized HEO pyrochlore compositions were analyzed by HTXRD from room temperature up to 1200˚C and the lattice parameters extracted via sequential Rietveld refinements at each temperature interval from the resulting XRD patterns. The linear expansion coefficients were determined from these data, concluding that the HEO pyrochlores possess normal, consistent thermal expansion with no abnormalities in the structure as temperature increased. The lattice expansions displayed a linear trend for all compositions, and comparisons to reported parent compounds’ expansion coefficients proved that these results were reasonable and agreeable. Due to the relatively low linear expansion coefficients and structural stability up to 1200˚C, the possibility for use in high temperature applications is significant.
[bookmark: _Hlk101296546]    	Finally, resonant ultrasound spectroscopy was used for the determination of the room temperature elastic constants and mechanical response at different temperatures. The two HEO titanate pyrochlore compositions exhibited typical elastic behavior from low to high temperatures and did not show any irregularities indicative of a structural or magnetic transition. A room temperature comparison for (YbTmLuErHo)2Ti2O7 and (EuNdSmLaPr)2Hf2O7 with reported stiffness constants for selected single component compositions confirmed that these HEO pyrochlores have comparable mechanical properties. However, temperature dependent RUS work on (EuNdSmLaPr)2Hf2O7 compared to its parent hafnate pyrochlores show that it has lower than expected elastic moduli, with a sharp softening occurring at higher temperatures (~ 325K). This abnormality in elastic response is not fully understood and cannot be identified by current HTXRD and magnetic susceptibility results. Further examination and characterization are necessary to determine the cause of this phenomenon.  
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Table A1: List of additional multicomponent oxides, their structures, synthesis technique used (solid state or polymeric steric entrapment), phase status, and characterization completed.

	Composition
	Structure
	Synthesis technique
	Single phase?
	Characterization completed

	(EuNdSmLaGd)2Hf2O7
	cubic pyrochlore
	SS 
	yes
	XRD

	(YbTbGdErDy)2Hf2O7
	cubic pyrochlore
	SS 
	no
	XRD

	(NdHoDySmGd)2Mo2O7
	cubic pyrochlore
	SS 
	no
	XRD

	(LaPrSmHoDy)3Sb3Mg2O14
	tripod kagome lattice
	SS and PSE
	no
	XRD

	Sr(TiMnNb)O3
	perovskite
	SS
	yes
	XRD

	(LaPrNdSmEu)2Si2O7
	pyro-silicate tetragonal
	SS
	no
	XRD

	(CeHoNdGdSm)2Sn2O7
	pyrochlore
	SS
	yes
	XRD

	(CeHoNdGdSm)2Zr2O7
	pyrochlore
	SS
	yes
	XRD

	(Yb0.2Hf0.2Zr0.2Ce0.2Y0.2)O2
	fluorite
	SS
	yes
	XRD,SEM/EDX,RUS (RT only)

	(Zr0.25Hf0.25Ce0.25)(Y0.0625Gd0.0625Yb0.0625Ca0.0625)O2 
	fluorite
	SS
	yes
	XRD,SEM/EDX,RUS (RT only)
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[bookmark: _Hlk101134395][bookmark: _Hlk98598975]Table B1: Crystallographic parameters, crystal data, and room temperature structure refinement for (YbTbGdDyEr)2Ti2O7
*Estimated standard deviations are 1𝜎
	Powder diffraction data collection
	(Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7
	

	Wavelength (Å)
	1.540562
	

	Scan Range (degree 2θ)
	10 < 2θ < 90
	

	Step Size (degree 2θ)
	0.01
	

	Temperature (K)
	298
	

	Pressure
	Atmospheric
	

	Refinement
	 
	

	𝑤𝑅𝑝
	6.34%
	

	Rexp
	4.38%
	

	Goodness of Fit, χ2 
	1.45
	

	Software
	GSAS -II
	

	Variables:
	 
	

	Overall
	6 Background
	

	Sample Displacement (µm)
	78.7(3)
	

	Instrument Parameters:
	
	

	X
	1.0(3)
	

	                                                             Crystal Data
	 
	

	Crystal system
	Cubic
	

	Space group
	F d -3 m 
	

	Lattice Parameter (Å)
	10.1152(3)
	

	Volume, (Å3)
	1034.9(1)
	

	Z
	8
	

	Formula weight (g/mol)
	535.321
	

	Calculated Density (g/cm3)
	6.871
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Figure B1: Room temperature powder X-ray diffraction pattern of the ground single crystal (YbTbGdDyEr)2Ti2O7 (purple line) compared to the polycrystal (red line) having the cubic pyrochlore structure, indicating no change in phase.
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Description automatically generated] Figure B2: a) Room temperature powder X-ray diffraction of (YbHoTmLuEr)2Ti2O7 with structure refinement. b) Resulting crystal rod from floating zone crystal growth of 2.5 cm in length c) Laue diffraction pattern of crystal in the [100] direction.










[bookmark: _Hlk101214605][bookmark: _Hlk98605007]Table B2: Rietveld refinement results for the crystallographic parameters, crystal data, and room temperature structure refinement of the HEO pyrochlore (YbTmLuHoEr)2Ti2O7.
*Estimated standard deviations are 1𝜎
	Powder diffraction data collection
	[bookmark: _Hlk65602406](Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7
	

	Wavelength (Å)
	1.540562
	

	Scan Range (degree 2θ)
	10 < 2θ < 90
	

	Step Size (degree 2θ)
	0.01
	

	Temperature (K)
	298
	

	Pressure
	Atmospheric
	

	Refinement
	 
	

	𝑤𝑅𝑝
	5.96%
	

	Rexp
	2.12%
	

	Goodness of Fit, χ2 
	2.81
	

	Software
	GSAS -II
	

	Variables:
	 
	

	Overall
	4 Background
	

	Sample Displacement (µm)
	-73.0(9)
	

	Instrument Parameters:
	
	

	X
	2.4(6)
	

	                                                            Crystal Data
	 
	

	Crystal system
	Cubic
	

	Space group
	F d -3 m 
	

	Lattice Parameter (Å)
	10. 0551(3)
	

	Volume, (Å3)
	1016.6(3)
	

	Z
	8
	

	Formula weight (g/mol)
	547.37
	

	Calculated Density (g/cm3)
	7.154
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Figure B3: Room temperature powder X-ray diffraction of (EuNdSmGd)3Sb3Mg2O14 with structure refinement.









Table B3: Crystallographic parameters, crystal data, and room temperature structure refinement for (EuSmNdGd)3Sb3Mg2O14
*Estimated standard deviations are 1𝜎
	Powder diffraction data collection
	Gd0.75Nd0.75Sm0.75Eu0.75Sb3Mg2O14

	Wavelength, Å
	1.540562

	Scan Range, degree 2θ
	10 < 2θ < 90

	Step Size, degree 2θ
	0.01

	Temperature, K
	298

	Refinement
	 

	𝑤𝑅𝑝
	5.64%

	Rexp
	2.25%

	Goodness of Fit, χ2 
	2.51

	Software
	GSAS -II

	Variables:
	 

	Overall
	4 Background

	Instrument Parameters
	 

	W 
	10.00(0)

	X
	91.43(3)

	Crystal Data
	 

	Crystal system
	Rhombohedral

	Space group
	R -3 m 

	Lattice Parameters, Å
	a=b= 7.385(3)

	 
	c = 17.462(4)

	Volume, Å3
	824.97(3)

	Formula weight, g/mol
	1090.73

	Calculated Density, g/cm3
	6.586
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Figure B4: Room temperature powder X-ray diffraction of (DyHoSmGdNd)2Sn2O7 with structure refinement.







[bookmark: _Hlk101219351]Table B4: Crystallographic parameters, crystal data, and room temperature structure refinement for (DyHoSmNdGd)2Sn2O7
*Estimated standard deviations are 1𝜎
	Powder diffraction data collection
	(Dy0.2Ho0.2Sm0.2Nd0.2Gd0.2)2Sn2O7

	Wavelength, Å
	1.540562

	Scan Range, degree 2θ
	10 < 2θ < 90

	Step Size, degree 2θ
	0.01

	Temperature, K
	298

	Refinement
	 

	𝑤𝑅𝑝
	7.59%

	Rexp
	4.20%

	Goodness of Fit, χ2 
	1.81

	Software
	GSAS -II

	Variables:
	 

	Overall
	6 Background

	Instrument Parameters
	 

	W 
	-441.84

	Crystal Data
	 

	Crystal system
	Cubic

	Space group
	F d -3 m 

	Lattice Parameter, Å
	10.464(8)

	Volume, Å3
	1146.03(2)

	Z
	8

	Formula weight, g/mol
	661.13

	Calculated Density, g/cm3
	7.663
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Figure B5: Room temperature powder X-ray diffraction of (EuPrSmLaNd)2Hf2O7 with structure refinement.






Table B5: Crystallographic parameters, crystal data, and room temperature structure refinement for (EuNdSmLaPr)2Hf2O7
*Estimated standard deviations are 1𝜎	
	Powder diffraction data collection
	(Eu0.2Nd0.2Sm0.2La0.2Pr0.2)2Hf2O7

	Wavelength, Å
	1.540562

	Scan Range, degree 2θ
	10 < 2θ < 90

	Step Size, degree 2θ
	0.01

	Temperature, K
	298

	Refinement
	 

	𝑤𝑅𝑝
	6.73%

	Rexp
	2.50%

	Goodness of Fit, χ2 
	2.69

	Software
	GSAS -II

	Variables:
	 

	Overall
	3 Background

	Instrument Parameters
	 

	W 
	14.27(6)

	Crystal Data
	 

	Crystal system
	Cubic

	Space group
	F d -3 m 

	Lattice Parameter, Å
	10.656(1)

	Volume, Å3
	1210.3(0)

	Z
	8

	Formula weight, g/mol
	759.53

	Calculated Density, g/cm3
	 8.337
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Figure B6: Room temperature powder X-ray diffraction of (GdNdSmPrLa)2Zr2O7 with structure refinement.






[bookmark: _Hlk101134930]Table B6: Crystallographic parameters, crystal data, and room temperature structure refinement for (GdNdSmLaPr)2Zr2O7
*Estimated standard deviations are 1𝜎
	Powder diffraction data collection
	(Gd0.2Nd0.2Sm0.2La0.2Pr0.2)2Zr2O7

	Wavelength, Å
	1.540562

	Scan Range, degree 2θ
	10 < 2θ < 90

	Step Size, degree 2θ
	0.01

	Temperature, K
	298

	Refinement
	 

	𝑤𝑅𝑝
	5.00%

	Rexp
	2.75%

	Goodness of Fit, χ2 
	1.82

	Software
	GSAS -II

	Variables:
	 

	Overall
	4 Background

	Instrument Parameters
	 

	W 
	4.59(6)

	X
	1.39(1)

	Y
	3.12(8)

	Crystal Data
	 

	Crystal system
	Cubic

	Space group
	F d -3 m 

	Lattice Parameter, Å
	10.663(8)

	Volume, Å3
	1212.68(3)

	Z
	8

	Formula weight, g/mol
	587.11

	Calculated Density, g/cm3
	6.431







[bookmark: _Toc102125227]Appendix C
[bookmark: _Toc102125228]Additional Scanning Electron microscopy results

[image: A picture containing text

Description automatically generated]
[bookmark: _Hlk21694331][bookmark: _Hlk98600600]Figure C1: SEM image at 200 µm and area scan of polycrystalline (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7.







[bookmark: _Hlk98600801]Table C1: Area scan concentration data for polycrystalline (Yb0.2Tb0.2Gd0.2Dy0.2Er0.2)2Ti2O7.
	Element
	Atomic Number
	Mass Concentration (%)
	Mass Normalized (%)
	Atom Concentration (%)
	Absolute Error (%)

	Oxygen
	8
	16.28
	17.62
	57.40
	1.94

	Titanium
	22
	19.63
	21.24
	23.13
	0.57

	Gadolinium
	64
	11.03
	11.93
	3.96
	0.32

	Terbium
	65
	11.56
	12.51
	4.10
	0.33

	Dysprosium
	66
	11.19
	12.11
	3.89
	0.32

	Erbium
	68
	11.05
	11.95
	3.73
	0.32

	Ytterbium
	70
	11.68
	12.64
	3.81
	0.34

	 
	
	92.41
	100
	100
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[bookmark: _Hlk100217767]Figure C2: Color mapping of (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 single crystal showing a homogenous distribution of the rare-earth cations on the micron scale.
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Figure C3: Image of the (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 single crystalline surface using scanning electron microscopy at the micron scale. 









[bookmark: _Hlk101044418][bookmark: _Hlk98606292]Table C2: Area scan concentration data for spectrum 1 in Figure C5 of (Yb0.2Tm0.2Lu0.2Ho0.2Er0.2)2Ti2O7 single crystal.
	Element
	Atomic Number 
	Mass Concentration (%)
	Mass Normalized (%)
	Atom Concentration (%)
	Absolute Error (%)

	Oxygen
	8
	14.69522722
	15.70685734
	55.33220756
	1.765581293

	Titanium
	22
	18.47387554
	19.74563056
	23.243914
	0.536799153

	Holmium
	67
	11.75101813
	12.55996675
	4.292204795
	0.339968478

	Erbium
	68
	11.95328867
	12.77616175
	4.305273078
	0.346179195

	Thulium
	69
	12.00234045
	12.82859028
	4.280098363
	0.348565087

	Ytterbium
	70
	12.39178797
	13.24484766
	4.314126301
	0.360383247

	Lutetium
	71
	12.2917712
	13.13794566
	4.232175904
	0.359364675

	 
	 
	93.55930917
	100
	100
	 












[bookmark: _Hlk101220984][image: ] Figure C4: Color mapping of (DyGdHoNdSm)2Sn2O7 polycrystal showing a homogenous distribution of the rare-earth cations on the micron scale.
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Figure C5: SEM area scan of polycrystalline (Dy0.2Ho0.2Gd0.2Sm0.2Nd0.2)2Sn2O7.









[bookmark: _Hlk101220509]Table C3: Area scan concentration data for polycrystalline (Dy0.2Ho0.2Gd0.2Sm0.2Nd0.2)2Sn2O7.
	Element
	Atomic Number
	Mass Concentration (%)
	Mass Normalized (%)
	Atom Concentration (%)
	Absolute error (%)

	Oxygen
	8
	7.655
	7.996
	42.816
	0.403

	Gadolinium
	64
	9.180
	9.589
	5.224
	0.209

	Neodymium
	60
	11.119
	11.615
	6.899
	0.230

	Samarium
	62
	8.797
	9.189
	5.236
	0.196

	Dysprosium
	66
	11.820
	12.347
	6.510
	0.250

	Holmium
	67
	10.608
	11.081
	5.756
	0.244

	Tin
	50
	36.557
	38.185
	27.559
	0.735

	 
	 
	Sum
	95.73595518
	100
	100
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Figure C6: Color mapping of (Eu0.2Nd0.2Sm0.2Pr0.2La0.2)2Hf2O7 showing a homogenous distribution of the rare-earth cations on the micron scale.
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Figure C7: SEM area scan of polycrystalline (Eu0.2Nd0.2Sm0.2Pr0.2La0.2)2Hf2O7.








Table C4: Area scan concentration data for polycrystalline (Eu0.2Nd0.2Sm0.2Pr0.2La0.2)2Hf2O7.
	Element
	Atomic Number 
	Mass Concentration (%)
	Mass Normalized (%)
	Atom Concentration (%) 
	Absolute error (%)

	O
	8
	13.709
	20.715
	72.278
	1.963

	La
	57
	5.156
	7.791
	3.131
	0.182

	Pr
	59
	5.126
	7.746
	3.069
	0.180

	Nd
	60
	5.634
	8.514
	3.295
	0.194

	Sm
	62
	5.546
	8.380
	3.111
	0.193

	Eu
	63
	5.597
	8.458
	3.107
	0.195

	Hf
	72
	25.410
	38.396
	12.009
	0.756

	 
	 
	Sum
	66.17816603
	100
	100
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Figure C8: Color mapping of (Nd0.2Sm0.2Gd0.2Pr0.2La0.2)2Zr2O7 showing a homogenous distribution of the rare-earth cations on the micron scale.
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Figure C9: SEM area scan of polycrystalline (Nd0.2Sm0.2Gd0.2Pr0.2La0.2)2Zr2O7.









[bookmark: _Hlk101221231][bookmark: _Hlk101220824]Table C5: Area scan concentration data for polycrystalline (Nd0.2Sm0.2Gd0.2Pr0.2La0.2)2Zr2O7.
	Element
	Mass Normalized (%)
	Atom Concentration (%)
	Absolute error (%)

	O
	47.250
	85.937
	6.890

	Pr
	4.152
	0.857
	0.209

	Nd
	5.448
	1.099
	0.252

	Sm
	4.476
	0.866
	0.229

	Gd
	3.760
	0.696
	0.217

	La
	5.408
	1.133
	0.245

	Zr
	29.505
	9.412
	1.323

	 
	Sum
	100
	100
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Figure C10: Color mapping of (EuGdSmNd)3Sb3Mg2O14 showing a homogenous distribution of the rare-earth cations on the micron scale.













[bookmark: _Toc102125229]Appendix D
[bookmark: _Toc102125230]Ambient Temperature Resonant Ultrasound Spectroscopy of High Entropy Oxide Fluorites
[bookmark: _Hlk98601631]
Two high entropy fluorite oxides (one equimolar and another non-equimolar) were successfully synthesized using solid state reactions with precursor reactants HfO2, ZrO2, CeO2, Y2O3, Yb2O3, Gd2O3, and CaO at 1500˚C for 20 hours in air. These two polycrystals were then hot pressed at 1500˚C in an argon atmosphere with 0.9 tons of pressure to produce two dense pellets for resonant ultrasound spectroscopy (RUS) measurements at room temperature. The equimolar composition (Hf0.2Zr0.2Ce0.2Y0.2Yb0.2)O2 was chosen for this study based on another report [D1], which used pulse-echo ultrasound to determine the elastic constants. It was desired to compare mechanical stiffness results from the Wright et al. study [D1] with our results determined by RUS. A novel second, non-equimolar composition (Zr0.25Hf0.25Ce0.25)(Y0.0625Gd0.0625Yb0.0625Ca0.0625)O2 was synthesized in a similar fashion as the equimolar for further comparison and for determining room temperature elastic moduli. Table D1 lists the resulting stiffness constants from this RUS study at room temperature, along with comparable data from Wright et al. These results indicate that the room temperature elastic moduli are similar to what has been reported on HEO fluorites. 







        Table D1: Room temperature resonant ultrasound spectroscopy elastic moduli fits for HEO fluorites.
	Composition
	C11 (GPa)
	C44 (GPa)
	rms error (%)
	Bulk Modulus (GPa)
	Young's Modulus (GPa)
	Poisson's Ratio
	Reference

	(Zr0.25Hf0.25Ce0.25)(Y0.0625Gd0.0625Yb0.0625Ca0.0625)O2 
	294
	83
	0.42
	182
	217
	0.302
	This study

	(Hf0.2Zr0.2Ce0.2Y0.2Yb0.2)O2
	269
	77
	0.43
	166
	202
	0.297
	This study

	(Hf0.2Zr0.2Ce0.2Y0.2Yb0.2)O2
	
	
	
	
	232.6 ± 2.4 

	
	[D1]


                     














              Table D2: RUS output file with room temperature elastic moduli fit for HEO fluorite.
	mass=
	0.2661 grams
	
	rho= 7.161 gm/cc

	
	
	
	

	Mode
	Fexp (MHz)
	Fcalc (MHz)
	% error

	1
	0.1337494
	0.1278622
	-4.4

	2
	0.1532125
	0.1520011
	-0.79

	3
	0.2737485
	0.272006
	-0.64

	4
	0.28966
	0.2908859
	0.42

	5
	0.32008
	0.3176429
	-0.76

	6
	0.32998
	0.3323992
	0.73

	7
	0.3822216
	0.38167
	-0.14

	8
	0.39884
	0.3971612
	-0.42

	9
	0.4117364
	0.4113249
	-0.1

	10
	0.4521677
	0.4536851
	0.34

	11
	0.4883247
	0.4902716
	0.4

	12
	0.531045
	0.5300553
	-0.19

	13
	0.5371089
	0.5326052
	-0.84

	14
	0.6091774
	0.6097848
	0.1

	15
	0.6106737
	0.613611
	0.48

	16
	0.6122799
	0.6157792
	0.57

	17
	0.6262
	0.6255848
	-0.1

	18
	0.636099
	0.6365859
	0.08

	19
	0.6525263
	0.6504953
	-0.31

	20
	0.65809
	0.6596798
	0.24

	21
	0.6649803
	0.6675943
	0.39

	22
	0.6746144
	0.6777863
	0.47

	23
	0.7751788
	0.7765216
	0.17

	24
	0.8176991
	0.8180466
	0.04

	25
	0.8476919
	0.8494174
	0.2

	
	
	
	

	Bulk
	Modulus (GPa)=
	182.3625
	

	Young's
	Modulus (GPa)=
	217.0191
	

	Shear
	Modulus (GPa)=
	83.3625
	

	c11(GPa)
	293.51248
	V(compressional)(km/s) =
	6.40201

	c44(GPa)
	83.36246
	V(shear)(km/s) =
	3.41184

	d1(cm)
	d2(cm)
	d3(cm)
	

	0.1263
	0.455
	0.6466
	

	
	
	
	

	rms error= 0.4276%
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[bookmark: _Toc102125232]DC Susceptibility Curves
[bookmark: _Hlk101044541]
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[bookmark: _Hlk101045106]Figure E1: DC susceptibility for (YbTmLuHoEr)2Ti2O7 single crystal.
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Figure E2: DC inverse susceptibility for polycrystalline (EuNdSmLaPr)2Hf2O7 from 270 to 390 K.
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Figure E3: DC susceptibility for polycrystalline (EuNdSmPrLa)2Hf2O7.
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Figure E4: DC susceptibility for polycrystalline (DyHoSmGdNd)2Sn2O7.
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Figure E5: DC susceptibility for polycrystalline (GdNdSmPrLa)2Zr2O7.
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Figure E6: DC susceptibility for polycrystalline (EuNdSmGd)3Sb3Mg2O14.









Table E1: List of experimentally derived effective magnetic moments and Curie-Weiss temperatures from magnetic susceptibility measurements on each pyrochlore-type HEO.
	HEO Sample
	Sample Type
	Field Direction
	Temperature Range (K)
	Effective Magnetic Moment (µB)
	Curie-Weiss Temperature (K)

	(YbTbGdErDy)2Ti2O7
	Single Crystal
	along [100]
	3 - 20
	5.79
	-2.98(0)

	(YbHoTmErLu)2Ti2O7 
	Single Crystal
	along [100]
	2 - 20
	4.67
	-0.64(7)

	(DyHoSmGdNd)2Sn2O7
	Polycrystal
	
	3 - 20
	5.66
	-0.43(8)

	(EuPrSmLaNd)2Hf2O7 
	Polycrystal
	
	2 - 20
	1.37
	-1.36(4)

	(GdNdSmPrLa)2Zr2O7 
	Polycrystal
	
	3 - 20
	3.02
	-1.09(4)

	(NdSmEuGd)3Sb3Mg2O14 
	Polycrystal
	
	2 - 20
	2.78
	-1.19(7)











[bookmark: _Toc102125233]Vita

Candice Kinsler-Fedon (née Kinsler) was born in Morristown, TN and grew up in White Pine, TN. She attended Jefferson County High School and graduated in May of 2011. Later that year, she began studying physics at the University of Tennessee, Knoxville. As an undergraduate, Candice participated in research in between classes where she learned to synthesize various oxide compounds and studied their magnetic properties. Candice obtained her B.S. in General Physics with a minor in Materials Science and Engineering in December 2015. After graduation, she continued her education by enrolling in the graduate program for Materials Science and Engineering at the University of Tennessee, Knoxville. She received her M.S. in May 2019 and Ph.D. degree in May 2022 for Materials Science and Engineering. During her time as a graduate research assistant, she focused on the synthesis and characterization involving the magnetic, mechanical, thermal, and radiation resistant properties of high-entropy oxides (HEOs) with pyrochlore-type structures. 
oleObject1.bin

oleObject44.bin

image46.wmf
f


oleObject45.bin

image47.wmf
0

T


oleObject46.bin

oleObject47.bin

image48.wmf
13

110

-

´


oleObject48.bin

image49.wmf
7

110

-

´


oleObject49.bin

oleObject50.bin

oleObject51.bin

oleObject52.bin

image50.png
Dose (dpa)

0.25 T T T T 25
4 MeV Au*" . = 6x10" cm?
e SRIM6x10" cm?

0.204 k20
0.154 15
0.104 10
0.05 -5
0.00 T T T T 0

0 200 400 600 800 1000

Depth (nm)

Au ions (appm)




image51.png
Dose (dpa)

0.25

0.20

0.154

0.104

0.054

0.00

——
4.0 MeV Au* Fluence (ions/cm?)

300 K 2990,
9 C]

0

T T T T T T
100 200 300 400 500 600 700
Depth (nm)

0.5x10"
1.0x10™7
1.5x10™
2.0x10" |
2.3x10"
3.0x10"
3.3x10"
3.6x10"
4.0x10™
5.0x10"
6.0x10"

© ® * @V A S 4> o

800 900 1000




image52.png
s

G

Relative RE Disorder

Relative RE Disorder

Relative RE Disorder

06

04

4 MeV Au™

Fluence (ions/cm’)
o 0

300K

Depth (nm)
FDIuence (ions/cm’)

> &

5% 9y © o asco’
15110

23x10”
33x10”
36x10”

00 - ———— e
100 200 300 400 500 600 700 800 900
Depth (nm)

Dose (dpa)

9% 005 0.10 015 020 025

10 ] 1
it
08 4 ]
4
4
4
06 g 1
i
04 )
/
/
02 i
00
00 01 02 03 04 05 08 07

Au Fluence (ions/nm?)




image53.wmf
ad

SfS

=+


oleObject53.bin

image54.wmf
1()/{exp()}

aassaas

fD

=-s+ss+ss+s


oleObject54.bin

image55.wmf
*

[1exp()](1)

dda

SSBDf

=---


oleObject55.bin

image56.png
Yield

800

Fluence (ions/cm®)

4.0 MeV Au®" 300 K

——0.5x10"

600

400 -

200

Random
oAl - 'AA.),_AlA;,'l\I M /)

[W’»‘,h’r‘:ﬁf"" Lyt ﬁ AT

Wy el

1x10"
——1.5x10"
2x10"°
——2.3x10"
3x10"
——3.3x10"
——3.6x10"

Virgin |

| ' | | - | |
1450 1550 1600 1650 1700 1750

Channels

I I
1400 1500





image57.png
Relative Disorder

-
o
T

o
o
T

o
o
T

o
N

o
N

4 MeV Au ions

¢ Gd,T,0,

s (Yb,Tm,Lu,Ho,Eu),T,0,

o
o

0.00

0.05

0.10 0.15 0.20
Dose (dpa)

0.25




image58.png
200 nm





image59.png
10000

5000

Intensity
o

-10000 5 |
200 400 600 800 1000 1200 1400
Raman Shift (cm-1)




image60.png
Intensity (arb. units)

1@

1200°C

20(%)

L/Lo (arb. units)

1200°C
(222) Lo00°C 10264 (b)
1000°C
900°C 10.24 -
s 10.22
——700°C ot ]
——600°C 5
soec B 10209
woc E
—300c = 10189
—20c & 1016
o .S 10.16
—00c
——25°C =
= 10.144
10.124
10.10 T T T T T T
0 200 400 600 800 1000 1200
Temperature °C
T T T T T T
0.014
(C) / I0.04
0.012
0.010
>
0.008 /U/D s
<
0,006 P I0.02 2
=
0.004 4 —=—AL/Lo £
—o—AV/Vo S
0.002 /ﬂ ~
0.000 / I 0.00
-0.002 : T T T T T
0 200 400 600 800 1000 1200

Temperature °C





image61.png
Intensity (arb. units)

1.0

0.8

0.6

0.4

0.24

0.0

(2)

Intensity (arb. units)

10.20

20

40

20 (°)

AL/Lo (arb. units)

60

0.014

0.012

0.0104

0.008

0.006 4

0.004

0.002 4

0.000

-0.002

10.18 -
10.16
—— 700°C o<t
5 1014
S
£ 1012
£
=
&
o 10.10
2
g
5 10.084
10.06
10.04 T T T T T T
80 0 200 400 600 800 1000 1200
Temperature °C
T T T T T T
© .
|0.04
%
s
-
s /D
/. /
o >
. <
2
<
o0z o
g
14
—=—AL/Lo H
—s—AV/Vo g
0.00
T T T T T T
0 200 400 600 800 1000 1200

Temperature °C





image62.png
Intensity (arb. units)

1.04

0.8+

06+

0.4+

0.2+

(2)

e

—1200°C

1200°C A (222 e 1078 (b)
! ——1000°C
: ——900°C 10.76 4
. 800°C
s ——700°C
10.74 4

——600°C

Intensity (arb. uni

——500°C

400°C 10.72 4

s

==
i

2009

300°C
—200°C

L00°C 10.70 |

Lattice Parameter A

0.0

20

——25°C
10.68-|
10.66®
T T T ‘
40 60 80

20 (°)

0.012

0

T
200

T
400

T
600

Temperature °C

0.035

0.010

0.008

0.006

0.004

/Lo (arb. units)

0.002

0.000

©

{-0.030

f-0.025

i 0.020

f-0.015

f-0.010

{-0.005

{-0.000

T T T T
0 200 400 600 800

Temperature °C

T
1000

T
1200

(snun *qIe) 0A/AV

T
800

T
1000

T
1200





image63.png
Intensity (arb. units)

1200°C 222)

| 1200°C

Lattice Parameter A

10.80 4

10.78 4

10.76 4

10.744

10.72

10.70 4

10.68 4

10.66 o

(b)

T
200

T
400

Temperature °C

0.040

104 (a) [ 1100°C
% —— 1000°C
. —— 900°C
084 800°C
. 700°C
600°C
500°C
061 ’ 25°C [ 400°C
00) 0
04 ——200°C
1 [—— 100°C
——25°C
0.2
. L PR 1) q
0.0 : - T T
20 40 60 80
20 (")
T T
0.0124

0.0104

0.008 -

0.006 -

0.004 4

AL/Lo (arb. units)

0.002 4

o
0.000 4

{-0.035

{-0.030

{0.025

{-0.020

0.015

f0.010

{-0.005

{-0.000

-0.005

T
0 200

T
400

T
600

T
800

Temperature °C

T
1000

T
1200

T
600

(syun *qIe) 0A/AV

T
800

T
1000

T
1200





image64.png
Intensity (arb. units)

10.58

(a) 120Q°C (222) |—— 1200°C
104 " | 1100°C
\ 1000°C 10.56 -]
HE \ 900°C
K 1 ——800°C
0.8 f |
:. ¥ e % 1054
H Y s00°c g
\ 500°C £ 10.52
0.6 . w00°C S
25°C £
@5 ED En ED 300°C &
00 —200°c g 10507
044 —100°c €
B
—25°C 3 10484
0.2
10.46 -
P T
0.0 : T T T
20 40 60 80
20 ()
0.010
0.008 -
z
E
5 0.006
F
=
&
S 0.004
=
2
0.002
0.000

(b)

0

T
200

T
400

Temperature °C

0.035

- 0.030

f-0.025

f-0.020

f0.015

f-0.010

- 0.005

f-0.000

0

T
200

T
400

T T
600 800

Temperature °C

T
1000

T
1200

T
600

(s31un *que) OA/AV

T
800

T
1000

T
1200





image65.png
Intensity (arb. units)

7.47

- 1200°C
1200°C /) (202)
104 (a) /NN - 1100°C 746 L17.65
st —— 1000°C
H ———900°C 7.454
0.8 £ ——s00°C o
H I 17.60
—— 700°C é 7.44
——600°C L
0.6 ——s00°c £ 743
400°C 5 I17.55
©—300Cc & 7429
0.4 ——2000C A<
—0c g T4 I 17.50
=}
——25°c &
= 7404
0.2
739 +17.45
0.0 . ; . . 7.38 T T T T T T
20 40 60 80 0 200 400 600 800 1000 1200
20 (%) Temperature (°C)
0.015 : : : : : 0.035
©
/ 0.030
—=—AL/Lo (a) /
—~ 0,010 —o— AL/Lo (¢) /A _a ooz
£ —a—AV/Vo “ >
3 / ~ o020 3
£ /;/H o
) = ®
5 ooos Foots %
5 =
A ]
. = Lo.010 Z
/D/ /
0.000 D/n/ / 0.005
rs 0.000
T T T T T
0 200 400 600 800 1200

Temperature °C

(y) 2 12pmee ] 2om3e]




image66.wmf
1

,

L

o

L

LT

D

a=

D


oleObject56.bin

image67.wmf
L

a


oleObject57.bin

image68.wmf
o

L


oleObject58.bin

image69.wmf
L

D


oleObject59.bin

image2.png
(a)





image70.wmf
T

D


oleObject60.bin

image71.png
C,, Shear Modulus (GPa)

98 +

o - 114
%
()
97 ..20000
o, O, L
% o3
96 . OOO
... OOO
e, Q L
95 %, %, 112
% 0,
() (e}
oy @,
94 ) Ooo +
—e—C,, (shear) ‘o.. % %
93 —— ’s. OoOQ
o o L 110
e, )
LN o,
92 o
...
.. L
91 o,
90 — 108
50 100 150 200 250 300

Temperature (K)

(®dD) D




image72.png
Resonant Frequencies (MHz)

0.9

0.8+

0.7

0.6

0.5

0.4

[remmsannnsaannansannnnssnnnnnaanana st ]

0.3

T T T T T
50 100 150 200 250 300 350
Temperature (K)




image73.png
C,, (GPa)

92

T T T T T T T T T T T

285 -

1 - 91
280

| \ L 90
275

] -"'-!
270 - 89

_ %.-
265 - -."N-.__.. - L 88
260 -] -

i — . C" " 87
255 \

] —o—C,, (shear) ., " |se
250 LEN \

1 % - 85
245 1"

4 o
240 \ -84

i o
235 T T T T T T T T T T T 83

50 100 150 200 250 300 350

Temperature (K)

(CZ 3) Mfe)




image74.png
Shear Modulus (GPa)

C44
3
5
1

82

(b)

C,, Shear Modulus (GPa)

@
>
1

—=—La,Hf,0,
—=— (EuNdSmLaPr),Hf,0, B

T T T T T
50 100 150 200 250 300 350
Temperature (K)

T T T T T T T
94 - -
924 -
90 4 ~
88 4 ~
86- —%— (EuNdSmLaPr),Hf,0, B
—=—Nd,Hf,0,
84 4
T T T T T T T
50 100 150 200 250 300 350

Temperature (K)





image3.png
kagome layer 095 % 0./

Pyrochlore Tripod kagome

Z.L.Dun etal. Phys. Rev. Lett. 116, 157201 (2016).




image4.wmf
3

Fmm


oleObject2.bin

image75.emf
1015202530354045505560657075808590

0.00

0.27

0.54

0.81

1.08

0.00

0.33

0.66

0.99

 

Intensity (arb. units)

2

q

 (Degrees)

 (5RE

0.2

)

2

Ti

2

O

7

 Ground Single Crystal

 

 

Intensity (arb. units)  (5RE

0.2

)

2

Ti

2

O

7

 Polycrystal


image76.png
Intensity (arb. units)

o~
~

=
(=]
I

o
®
L

o
o
L

o
P
L

o
[N
!

o
=}
L

0O

o Observed

Calculated

——Obs.-Calc.
| Bragg Reflections

=)
)
!

40 60
26 (Degrees)

80





image77.png
Intensity (arb. units)

08+

©  Observed
Calculated

——Obs.-Calc
| Bragg Reflections

T
40

T
60

26 (Degrees)

T
80




image78.png
| ]
S -_—
n —
o M -
o p—
5 | =T
m —
0 s _ L
= 0 2 o
O £ ® ¢ -
Wng =B
o 3
h QL »n D
— < -
O < O < -
QLU OmMm -
O 7| hv —
-
el el 4 “l
I I I I I T T R
N © 0O © ¥ N O N ¥ © oo
- - O O o o o o o o o

(sjrun *qae) Ajsudyuy

90

80

70

60

50

40

30

20

10

20 (Degrees)




image79.png
O  QObserved

Calculated
—— (Obs.-Calc.

Bragg Reflections

— T T T T T 1
© < N Q
o o o o

(sjrun *qae) Ajsudyuy

-0.2 1

-0.4

20 30 40 50 60 70 80 90
20 (Degrees)

10




image80.png
n - }
= -
.m - Lo
5 = 0
m —
0 s — L
= 0 L2 o
C,mmaR -
> = O - 2
53 % -
SESW@ -
O < O O I
ONONGNas
- Lo
- [ ©° 2
5 7 - >
- T 5
= | &
- 8 o
-
— L | —
B D
o
T <
- LO
O =, = - ™
o
N
o
I LA E— _ —
o e © <
- o o o

(sjrun *qae) Ajsudyuy




image81.tiff




image82.png




image83.jpeg
Spectrum 1 Spectrum 2





image5.wmf
GHTS

D=D-D


image84.png




image85.png




image86.png




image87.png




image88.png




image89.png
SRE TR

Spectrum<Z





image90.png




image91.png
X4 (€EMU mol” Oe™)

(YbHo TmErLu),Ti,O,

2K-300 K

H=1000 Oe

- 20

|
RN
o

- | - | - | - | - |
50 100 150 200 250 300

Temperature (K)

I

(_ nwd 30 ow) A/T




image92.png
1/ (mol Oe/emu)

145

140

135

130

125

120

115

110

260

(EuNdSmLaPr) Hf,0,
H= 5000 Oe

280

300

320 340
Temperature (K)

360

380

400




image93.png
X4 (€EMU mol” Oe™)

(EuNdSmPrLa),Hf. O,

2K-300 K

H=1000 Oe

| | | | |
50 100 150 200 250 300

Temperature (K)

(_ nwd 30 fowr) AT

‘[-




oleObject3.bin

image94.png
X g (€MU mol'lOe'l)

h (DyHoSmGdNd),Sn,0, _ 16
] =
. |
: - 14
44 ] :
. 3K-300K - 12
I _
3- - 10
: =
: -8
2 - P
' H = 1000 Oe 4
1- _
-2
0 - -0
T | T T T T T '2

|
0 50 100

I I I I
150 200 250 300

Temperature (K)

(_nwd 3 fow) X/

‘[-




image95.png
X4 (€EMU mol”' Oe™)

(GdNdSmPrLa),Zr,O.

JK-300K

© CO0000000-00 -0 000 0-0—0—0

H=1000 Oe

—- 60
- 50
40 3
=
i ~
- 30 §
- -
(¢”)
-20 @
=
- =|
- 10
-0

|
0 50 100

I I I I
150 200 250 300

Temperature (K)





image96.png
Xy (€EMU mol”' Oe™)

(EuNdSmGd),Sb Mg O

14

o000 0-0-0 00

2K-300 K

H=1000 Oe

- 20

- 15

|
RN
o

0 50

| | | | |
100 150 200 250 300

Temperature (K)

I

(_ nwd 30 ow) A/T




image6.wmf
G

D


oleObject4.bin

image7.wmf
H

D


oleObject5.bin

image8.wmf
S

D


oleObject6.bin

image9.wmf
conf

S

D


oleObject7.bin

image10.wmf
ln

conf

SRn

D=


oleObject8.bin

image11.wmf
R


oleObject9.bin

image12.wmf
n


oleObject10.bin

image13.wmf
n


oleObject11.bin

image14.png




image15.png
s RevModPhys82.53

< c O

RevModPhys.82.53

X 5 RevModPhys£253 x|+

& nttps://journals.aps.org/mp/pdf/10.11

Gardner, Gingras, and Greedan: Magnetic pyrochlore oxides

magnetic or antiferromagnetic depending on the dis-
tance r between two magnetic Fe atoms. Depending on
their relative separation distance, some trios of Fe spins
will have either one or three of their Jrggy interactions
antiferromagnetic and will therefore be frustrated. Be-
cause the atomic positions are frozen in, this is an ex-
ample of quenched random frustration. Quenched ran-
dom frustration is a crucial ingredient in the physics of
spin-glass materials ( ). These
systems exhibit a transition from a paramagnetic state of
thermally fluctuating spins to a glasslike state of spins
frozen in time but random in direction. Random frustra-
tion can also arise when the magnetic moments in an
otherwise disorder-free geometrically frustrated system
are diluted or substituted with nonmagnetic atoms (
3 ).

‘While it is common to invoke exchange interactions
between spins as the source of their magnetic coupling,
there are cases (dlSCHSSCd bglow) whu‘c magncloslam

Aimala dimala

O Type here to search

A- Site

FIG. 2. (Color online) The A and B sublattices of the cubic
pyrochlore materials. Either or both sublattices can be mag-
netic.

materials can be investigated via a multitude of experi-
mental techniques that can probe many aspects of mag-
netic and thermodynamic phenomena by exploring spa-
tial and temporal correlations over a range of several
decades of length or time scales. Finally, from a theoret-
ical view point, magnetic materials can often be de-

256PM
1

018




image16.wmf
å

=

-

=

N

i

i

i

i

g

f

w

F

1

2

)

(


oleObject12.bin

image17.png




image18.png
Intensity (arb. units)

0.025 -

0.020

0.015 -

0.010

0.005

I

0.000

250

|
300

I I I
350 400 450

Frequency Range (kHz)





image19.wmf
()

x

dpax

n

r

()

=


oleObject13.bin

image20.png




image21.png




oleObject14.bin

image22.emf
10 20 30 40 50 60 70 80 90

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 Observed

 Calculated

 Obs.-Calc.

 Bragg Reflections

Intensity (arb. units)

2(Degrees)


oleObject15.bin

image23.png
@

: 7 cm
® % & o @





image24.png




image25.png




image26.wmf
2

Z


oleObject16.bin

image27.png




image28.png




image29.png
(a) 0-20
t~0.51

Foas

s

k]

E

5 0.10

£

z

B

5005

z

0.00

40 0 10 20 30 40 50 60 70 80 1200 1300 1400 1500 1600

Energy loss (eV) Energy loss (eV)




image30.png




image31.png




image32.png




image33.wmf
CW

C

T

q

c=

-


oleObject17.bin

image34.wmf
CW

q


oleObject18.bin

oleObject19.bin

oleObject20.bin

oleObject21.bin

oleObject22.bin

oleObject23.bin

oleObject24.bin

image35.png
—_~
=
=%

1/y,, (mol Oe emu™)

(b)

1/, (mol Oe emu™)

M (,/5RE*)

20 T T T T T T T 3.0
1] 1 Polycrystalline (SRE ), Ti,O,
i 25
164 %
ko 3K-300K 20
12
1.5
10
s F1.0
64
&l 0.5
e Loo
0 T T T T T T T
0 50 100 150 200 250 300
Temperature (K)
16 T T T T T T T 35
i Single Crystal (SRE,,),Ti,O, -
12
2.5
3K-300K
10
2.0
8
F1.5
6
1.0
4 H =1000 Oe // [100]
2 0.5
0 0.0
T T T T T T T
0 50 100 150 200 250 300
Temperature (K)
6- —®—Polycrystalline (5RE,,), Ti,O,
—e— Single Crystal (5RE, ), Ti,0,
4
2
04
24
4
-6

2
(I‘a()rlom nun) Py

J)
(,ﬁOIJW-‘ nu) Py




image36.wmf
eff

m


oleObject25.bin

image37.wmf
B

m


oleObject26.bin

oleObject27.bin

oleObject28.bin

oleObject29.bin

oleObject30.bin

oleObject31.bin

oleObject32.bin

oleObject33.bin

oleObject34.bin

image38.wmf
f

T

=


oleObject35.bin

image39.png
%' ac (arb. units)

(@)

3.5x10%

3.0x10*

2.5x10%

2.0x10*

1.5x10%

1.0x10%
5.0x10%

0.0
0

)

%' ac (arb. units)

3 0.4 05 06 07 08 09 1.0 1.1 12 13 14 15 1.6 1.7
Temperature (K)

8x107

7x107

6x107

s5x107

4x107

3x107

2x107

— 471Hz
, -
KR - - 2BH

03

(©)

Ti(K)

04 05 06 07 08 09 1.0 11 12 13 14 15 16 17

Temperature (K)

1.00
0.98 4
0.96 4
0.94
0.92 4
0.90
0.88 4
0.86 4
0.84
0.82

® Freezing Temperatures
—— Voge-Fulcher Law Fit .

/

[

/!

0080 0085 0030 0095 0100 0105 0110

Vin(gf)




image40.wmf
CW

f

f

T

q

=-


oleObject36.bin

image41.wmf
1

f

>


oleObject37.bin

image1.wmf
3

Fdm

-


oleObject38.bin

oleObject39.bin

image42.wmf
10

f

>


oleObject40.bin

oleObject41.bin

image43.wmf
0

0

1

ln()

a

f

B

E

TT

kf

=-

t


oleObject42.bin

image44.wmf
a

E


oleObject43.bin

image45.wmf
0

t


