
Characterizing Heterogeneous Defect Structures 

in Spinel Oxides Disordered via Extreme 

Conditions 

 

 

 

 

 

A Dissertation Presented for the 

Doctor of Philosophy 

Degree 

The University of Tennessee, Knoxville 

 

 

 

 

 

 

John Michael Hirtz 

December 2025 

  



 

 
 

ii 

ACKNOWLEDGMENTS 

The research presented in this dissertation would not be possible without the effort 

of collaborators who contributed above and beyond with long hours and fruitful discussion 

particularly: Eric O’Quinn, Matthew Tucker, Guido Baldonozzi, Yuanpeng Zhang, Joerg 

Neuefeind, Michelle Everette, Dayton Kizzire, Maksim Eremenko, Emily Van Auken, 

Malcom Guthrie, Bianca Haberl, Arianna Minelli, Zachary Morgen, Christina Trautmann, 

Antonio M. dos Santos, Huibo Cao, and Feng Ye. I would especially like to thank my 

advisor Dr. Maik Lang for his guidance and support, as well as, fostering invaluable 

research opportunities and collaborations. I also thank my committee members, Kurt 

Sickafus, Matthew Tucker, Eric O’Quinn, and Steven Zinkle. Thank you to Matthew 

Tucker and the diffraction section, as well as, Reinhard Boehler for being so welcoming 

during my fellowships and internships at Oak Ridge National Laboratory. I’ve had the 

pleasure to work alongside many colleagues particularly Cale Overstreet, Jacob Minette, 

George Adamson, Igor Gussev, William Reed, Kenneth Sanders, Eric Kadel, Savannah 

Watson, Pradyumna Parshi, Alex Solomon, Will Cureton, Jackson Cagle, Casey 

Corbridge, Mason King, Zachary Chaney, Evan Williams, Patrick Huston, Devon Drey, 

Will Gardner, Casey MacDonald-Risner, and Katherine Parker-Repsher. Additionally, I’d 

like to thank my friends in Knoxville for the many, many free rides to the airport and house 

sitting, especially Rachel Incorvati, Finally, I’d like to thank my parents Greg and Sara 

Hirtz and my family for their unconditional help and support. This work would not have 

been completed without the help of all mentioned here. 



 

 
 

iii 

This research was supported by: The U.S. Department of Energy, Office of Science, 

Basic Energy Sciences under Award #DE-SC0020321, DOE/NNSA and the Chicago / 

DOE Alliance Center through cooperative agreement DE-NA0003975, Department of 

Energy (DOE) Office of Nuclear Energy’s Nuclear Energy University Program (NEUP) 

under US-DOE, contract DE-NE0008895, Graduate Advancement and Training Education 

fellowship provided by The Science Alliance, which is a Tennessee Higher Education 

Commission Center of Excellence administered by The University of Tennessee–Oak 

Ridge Innovation Institute. Some results presented here were performed at the X0-

beamline of the UNILAC at the GSI Helmholtzzentrum für Schwerionenforschung, 

Darmstadt (Germany) in the frame of FAIR Phase-0. This research used resources at the 

Spallation Neutron Source a DOE Office of Science User Facility operated by the Oak 

Ridge National Laboratory. The beam time was allocated to NOMAD, CORELLI, and 

SNAP on proposal numbers IPTS-35763, IPTS-28343, IPTS-31950, IPTS-33112, IPTS-

16464, IPTS-14164, IPTS-11800.  

  



 

 
 

iv 

 
ABSTRACT 

 
The development of advanced energy technologies requires carefully designed 

materials for use in harsh operating conditions, such as high temperatures, high pressures, 

and extreme radiation fields. Complex oxides are promising candidate materials for use in 

such advanced energy technologies; however, they are prone to disorder and defects which 

form during exposure to these extremes. Over time, such structural modifications build up 

and modify the properties of materials and eventually lead to their degradation. Thus, 

understanding the underlying atomic-scale mechanisms of defect formation is essential to, 

not only predict how these materials degrade, but also to develop new, more robust 

materials. Using neutron total scattering, both the long-range coherent structure and the 

local atomic arrangements can be measured simultaneously, with high sensitivity to both 

cations and anions; this presents a great advantage over more conventional characterization 

techniques. Neutron scattering has been used to analyze the unique local defect structures 

in spinel disorder through high temperature and through intense ionizing irradiation. 

Preliminary work was also performed, to expand this scattering technique to enable the 

study of materials disordered through high pressure.  
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Overview 

Complex oxides that adopt the spinel (AB2O4) structure are used in numerous 

engineering applications due to favorable physical, magnetic1, electronic2, optical3 and 

catalytic4 properties. For these reasons, spinel oxides are employed in a wide range of 

devices for data storage5, dielectrics6, transparent conductors7, and lasers8, as well as, 

catalysts9 for chemical reactions and protective coatings10. Spinel oxides are also important 

metamorphic minerals where these properties can affect mantle physics11. In many of these 

environments, spinel is exposed to extreme conditions and understanding how they degrade 

is vitally important for their prospective use and behavior. 

These physics properties, however, are dependent on the intrinsic amount of 

disorder present in the spinel oxide. Spinels are able to accommodate large amounts of 

disorder through cation anti-site defects, commonly referred to as inversion, where the A 

site cation occupies the B site and vice versa12. There is a great interest, therefore, in 

characterizing the amount of inversion in a spinel sample, and how the cation distribution 

changes when exposed to operating environments. Designing experiments to measure in 

situ changes in inversion has proven difficult for many spinel compositions, like MgAl2O4, 

where the A and B cations have similar atomic numbers. Traditional techniques like x-ray 

diffraction are unable to distinguish between similar cations and perform poorly on 

materials with low electron densities like complex oxides. Other methods that measure 

secondary phenomena like electric resistivity13 or oxygen position14 were used to 

approximate inversion with moderate success. Using neutron diffraction, which is sensitive 
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to the nuclear structure, the number of anti-site defects in spinel samples disordered 

through various means could be characterized15.  

Previous thermodynamic studies have noted that the disordering process in spinel 

may be more complex as there is a high likelihood that ionic inverse spinels would display 

some amount of short range ordering16. Phase transformations as a result of this ordering 

have been reported for some spinel compositions17, but a unified model that covers all 

inversion in the 2-3 spinel system has not been experimentally determined and tested. 

Using neutron total scattering, both the long-range repeating structure and the local cation 

arrangements can be measured simultaneously for the spinel type mineral MgAl2O4. Using 

this method to collect data from spinel samples disorder through high temperature, high 

pressure, and coupled extreme conditions, it would be possible to determine and compare 

the local ordering in each instance. 

The Spinel Crystal Structure 

The spinel crystal structure, determined independently by Bragg18 and Nishikawa19 

in 1915, has a cubic unit cell consisting of 8 formula units which form an alternating pattern 

of A2O4 and B4O4 building blocks. The resulting crystal structure is described by the cubic 

𝐹𝑑3/m space group with the anions on the 32e Wyckoff site in a pseudo-cubic close-packed 

(ccp) configuration, A-cations on the 8a site in tetrahedral coordination with oxygen, and 

B cations on the 16b site in octahedral coordination. This configuration can be imagined 

as a 2x2x2 superstructure of rocksalt (𝐹𝑚3/𝑚) that contains cations in tetrahedral 

coordination and ordered cation vacancies (16c). The spinel structure is fully described by 

only 3 structural parameters: (1) the size of the unit cell, determined by the unit-cell 
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parameter, a, (2) the anion distortion away from an ideal cubic close packing configuration 

given by the anion parameter, u, and (3) the degree of cation disorder in the structure 

assessed by the inversion parameter, i.20 

 The process by which increasing disorder is accommodated in the spinel structure 

is through the exchange of the two cations between the A and B sites (cation antisite 

defects). The inversion parameter (i) quantifies the degree of disorder and is defined by the 

fractional occupancy of the A site by B cations. Thus, the fractional occupancy of each 

cation site by each cation species can be represented solely by the inversion parameter: 

(𝐴!"#𝐵#)4𝐵!"#/%	𝐴#/%	5%𝑂' [Eq 1] 

 

Perfect fully ordered, “normal” spinels have an inversion parameter of i = 0 with all A-

sites occupied by A-cations and all B-sites occupied by B-cations, while completely 

“inverse” spinels have an inversion parameter of i = 1.0 with all A-sites occupied with B-

cations and a random distribution of cations across the B-sites. A fully disordered spinel 

has an inversion of i = 0.67, with a random distribution of the two cations amongst the two 

available sites. The cation exchange also influences the anion parameter due to the size 

difference of the replaced cations; the size mismatch causes the anion to relax along the 

<111> direction.  
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Disordering Mechanisms 

High Temperature 

 
The high melting point, chemical stability, and strength of MgAl2O4 make it a 

favorable material for use as coatings21, windows22, and catalysts23 for high temperature 

applications. These chemical and physical properties, however, can be altered by the slight 

changes in unit cell and polyhedral size caused by the formation of anti-site defects at 

temperature. These same changing properties are also of interest in geosciences as 

MgAl2O4 is an important metamorphic mineral11, which is found within the earth’s mantle 

under a wide range of temperature conditions. Thus, there is an interest in understanding 

the details of cation inversion and disordering at high temperatures. 

 Early studies on MgAl2O4 spinel at high temperature used a myriad of techniques 

to determine the occupancy changes of Magnesium and Aluminum at their respective sites, 

due to the similar scattering strength of Magnesium and Aluminum to X-ray diffraction. 

Specifically, nuclear magnetic resonance on quenched samples and electric resistivity 

measurements were used. Early electric resistivity results by Suzuki24 (1980) and Weeks 

and Sonder 13 (1980), were the first to show a change in behavior around 600 °C and 

equated it to a potential phase transition. Although unable to measure the cation 

partitioning, Yamanaka and Takeuchi14 (1983) reported changes to the oxygen position and 

thermal expansion of MgAl2O4 starting in the same temperature region. The procedure for 

determining the fractional occupancies of Magnesium and Aluminum using nuclear 

magnetic resonance was outline by Gobbi25 (1985) and demonstrated on a synthetic and 
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natural spinel sample. The use of NMR was then expanded by Wood26 (1986) which 

measured the amount of inversion in rapidly quenched synthetic MgAl2O4 samples 

between 700°C and 900°C. 

These early high temperature crystallographic studies were performed to confirm 

earlier Calorimetry work. A thermodynamic treatment in simple spinel for determining 

cation distribution was presented by Callen27 (1956) and refined by Navrotsky and 

Kleppa28 (1967), which represented spinel as a simple chemical equilibrium where the 

entropy change from disordering is equated to only configuration entropy. The model was 

further updated by O’Neill and Navrotsky16 (1983) to instead use lattice energy, which 

could be determined simply by chemical composition and inversion using Shannon29 ionic 

radii. Both models, although successful with other compositions, were unable to 

completely capture the inversion behavior of MgAl2O4, which was understood at the time 

to plateaued at low and high temperatures with a dramatic increase between 600 ̊C and 

900 ̊C. It was unclear whether these differences were a result of kinetic factors, a second-

order phase transition, or short-range ordering. 

These inconsistencies in the behavior of MgAl2O4 at high temperature were 

predominately a result of the experimental techniques used to measure inversion. The 

cation distribution of MgAl2O4 as a function of temperature between 600 ̊C and 1000 ̊C 

was successfully measured in situ using neutron diffraction by Peterson15 (1991). The 

temperature range was then expanded in a similar experiment by Redfern30 (1999) to 300 ̊K 

to 1900 ̊K, which accurately measured the change in inversion in MgAl2O4 spinel at high 

temperature. In synthetic spinel samples, the level of inversion is dependent on the 
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synthesis conditions and particularly the heat treatment.31 During the first heating cycle, 

the cation anti-site defects in the highly disordered precursor material are annealed until 

the temperature is sufficiently high to induce subsequent disordering. In the “normal” 

MgAl2O4 spinel, for example, cation inversion increases linearly with temperature above 

600°C, until a random distribution of cations across both sites is achieved (i = 0.67). When 

slowly cooled, the inversion in MgAl2O4 is reduced in the same linear manner with 

temperature until 600°C, below which inversion no longer changes upon further cooling.30 

An inverted behavior is observed for “inverse” spinels with i > 0.67, heating above a critical 

temperature leads to a reduction of inversion until full randomization of cations is reached 

(i = 0.67). An example is the “inverse” NiAl2O4 spinel, with a high degree of quenched 

disorder from the synthesis process (i ~ 0.8-0.9). During heating, the amount of inversion 

in the sample begins to decrease above 800°C, where cation diffusion becomes sufficiently 

high to allow for cation exchange towards a fully random distribution.32, 33 

With the cation distribution as a function of temperature in MgAl2O4 determined, 

the discrepancy between the amount of inversion predicted by thermodynamic studies and 

the amount that is measured should be reexamined. The prediction that MgAl2O4 undergoes 

a second order phase transition at 600 ̊C that ends at 900 ̊C is unlikely as the high 

temperature plateau at 900 ̊C was shown to be a result of ex situ measurements that relied 

on quenching inversion to room temperature. The plateau at low temperature and the sharp 

increase at 600 ̊C, however, are still present in the in situ neutron diffraction data. Further 

work needs to be performed, to understand the role of local cation ordering and kinetics to 

this low temperature behavior of MgAl2O4 spinel oxide. 
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High Pressure 

 
As an important aluminum containing geologic mineral, the pressure response of 

spinel is as important as the high temperature behavior in understanding seismic 

discontinuities in mantle physics34. This necessitates understanding potential phase 

transitions, as well as, the compressibility of spinel structures, which is dependent on the 

amount of cation disorder present in the crystal. Thus, there has been significant interest in 

the geological community to determine the pressure response of spinel oxides. 

 Early high-pressure studies of the type mineral MgAl2O4 were prompted by 

observed seismic discontinuities at depths of 400 km and 650 km. The 400 km 

discontinuity was determined to be associated with the olivine-spinel phase 

transformation34; therefore, the 650 km discontinuity was proposed to be related to further 

phase transformations in spinel. These high-pressure studies found that MgAl2O4 

decomposes at high pressure into the simple oxides periclase (MgO) and corundum (Al2O3) 

above ~13 GPa at high temperatures35. Disproportionation in spinel is common in 

aluminates and has been reported in MnAl2O4, FeAl2O4, CoAl2O4 and NiAl2O436; however, 

chromate spinel have been reported to have increased stability at high pressure in DFT 

studies37. 

Further transformations to a dense spinel structure with an orthorhombic unit cell 

was predicted by Reid38 (1969) after shock wave data at pressures greater than 68 GPa 

determined that spinel transforms into phases more dense than the mixed oxides39. This 

structure was first measured under static compression by Liu40 (1978). The high-pressure 
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phase was then confirmed to be the CaFe2O4 structure through high pressure in situ x-ray 

diffraction and TEM41. 

The influence of inversion on these high-pressure processes in MgAl2O4, however, 

was not well understood. Due to the difficulty in measuring inversion with conventional 

high pressure techniques, including Raman spectroscopy and synchrotron X-ray 

diffraction. Early studies, therefore, relied on measuring the oxygen parameter u to estimate 

the cation partitioning at pressure using a linear relationship measured in high temperature 

studies. The first in situ XRD study in a diamond anvil cell (DAC) up to 4 GPa at room 

temperature by Finger42 (1986) found a slight increase in inversion with pressure. Similar 

studies by Pavese43 (1999), Levy44 (2003), Kudoh45 (2007), and Nestola46 (2007), however, 

found that inversion either slightly decreased or did not follow any statistically significant 

trend. The insignificant effect of high pressure on inversion in MgAl2O4 is caused by the 

inability of cation anti-site defects to drastically change the unit cell parameter of the crystal 

due to the similar ionic radii of Magnesium and Aluminum26. This behavior may be altered 

by heating MgAl2O4 at pressure where significant increases in inversion were reported at 

2.6 GPa and 1600 ̊K47. Further studies are required to determine the effect of coupling 

extreme pressure and temperature on the cation distribution in MgAl2O4. 

Swift Heavy Ion Irradiation 

MgAl2O4 has been considered for deployment as an advanced nuclear ceramic due 

to its structural, mechanical, optical, and electrical properties. Nuclear ceramics are 

proposed to be used as waste forms, transmutation matrices, optical and RF windows, and 

as electrical insulators. In these applications spinel would be exposed to high temperature, 
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high stresses, and intense irradiation fields. Understanding the radiation resistance of spinel 

to multiple forms of radiation is crucial for ensuring its safety and reliability. 

Spinel’s potential use as a structural ceramic in fusion applications has led to a 

significant body of work on its response to high doses of thermal and fast neutron 

irradiation. Studies at HFIR and EBRII reported strong amorphization resistance in 

stoichiometric and non-stoichiometric MgAl2O448-50. Damage to the crystal structure is 

preferentially accommodated through vacancy-interstitial recombination preventing the 

formation of significant extended defects. The result is negligible swelling in single crystals 

with slight swelling being reported in polycrystalline samples, which are shown in TEM to 

stem from planar arrays of voids adjacent to grain boundaries50. Under extreme neutron 

doses inversion increases drastically with measured ranges of i = 0.59 to i = 0.69 in samples 

irradiated to 53 and 249 dpa, respectively51.  

The resistance of spinel to neutrons and low energy ions, however, is temperature 

dependent. Yu et al.52 (1994) found for the first time that after irradiation with low energy 

ions at 100-120 ̊K, spinel amorphized after a transformation to a potential metastable phase. 

This result was repeated in a non-stoichiometric sample by Devanathan (1995)53. Changing 

the stoichiometry improved amorphization resistance, but the phase transformation, 

previously reported, still occurred54. The phase was then studied using transmission 

electron microscopy by Ishimaru55 (2000) and determined to be a disordered rock salt 

phase. In this metastable phase, the oxygen relax to an ideal cubic close packed lattice and 

the tetrahedral A site cation migrates to the 16c octahedral vacant site. The resulting 

structure, therefore, appears to be a defect NaCl rock salt structure with cations, and 
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vacancies, randomly occupying 16d and 16c octahedral sites in the 𝐹𝑑3/𝑚 structure. This 

increase in symmetry changes the space group to 𝐹𝑚3/𝑚 and halves the unit cell parameter. 

 Spinel oxide has also been proposed as a potential inert matrix fuel (IMF) for the 

transmutation of minor actinides and burning 239Pu56. In this application the spinel structure 

would not only need to be highly resistant to neutron irradiation, but also, the swift heavy 

ions produced from fission. Neutron irradiation and low-energy ions lose energy in a 

material through nuclear interactions. This mechanism directly knocks atoms in a material 

off their lattice positions creating large cascades of interstitials and vacancies57. Instead, 

swift heavy ions (~1 Mev u-1) interact with matter through electronic mechanisms. These 

ions deposit substantial energy into the electronic subsystem of a material over sub-

picosecond timescales. The transfer of energy causes electron excitation and ionization 

processes, which can drastically heat the atomic lattice through electron-phonon 

coupling58. This intense localized heating can form cylindrical tracks of a few nanometers 

in diameter containing point defects, phase-phase transformations59 and crystalline-

amorphous transformations60 along the path of the ion 58. 

 The response of spinel to swift heavy ions deviates significantly from previous 

work using neutrons and low energy ions. Significant unit cell swelling was measured for 

single crystals exposed to high fluences (1016) of 72 MeV Iodine ions61. At higher ion 

energies amorphization, volumetric expansions of 35%, and metastable phase formation 

were characterized with TEM62. This metastable phase was determined to resemble the 

defective rock salt structure previously only reported in low temperature irradiations63. The 

formation of the defective rock salt phase after room temperature irradiation, however, was 
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actively debated in literature64, 65. The measurement of the rock salt structure is reported to 

be dependent on the measurement technique. For example, spinel which had been 

confirmed to transform into defective rock salt through x-ray diffraction has been shown 

to still resemble a spinel structure locally when measured through Raman spectroscopy66. 

Therefore, in order to completely describe the structure of spinel oxides disordered through 

extreme conditions a technique sensitive to more than the average structure is required. 

Local Cation Ordering in Spinel 

The potential for local cation ordering in inverse spinel oxides is often discussed in 

thermodynamic studies16, 26. In the inverse structure, two unique cations both occupy the 

same octahedrally coordinated 16d Wyckoff position; therefore, if the two cations are 

significantly dissimilar in size or oxidation state, it would be expected that the 16d site 

would split into two unique sites that could accommodate each cation individually. It has 

been reported that with decreasing temperature highly ionic 4-2 spinels undergo a phase 

transition to a tetragonal 𝑃4(22 structure with two non-equivalent octahedral sites67. The 

transition temperature for the phase change was found to be depended on the ionic radii of 

the A and B site cations with the highest reported temperature being 770 ̊C for Mn2TiO468. 

The formation of this long range tetragonal phase transition in these highly ionic 4-

2 spinels is often cited as evidence for local ordering in less ionic 2-3 spinel oxides, which 

was used to explain discrepancies between the residual entropy deduced from phase 

equilibrium experiments and spectroscopic measurements on MgAl2O426. Raman 

spectroscopy experiments on “inverse” 2-3 spinels (NiAl2O4 and NiFe2O4) revealed a 

greater number of active Raman modes than allowed for the 𝐹𝑑3/𝑚 space group,17, 69 which 
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is indicative of a lower symmetry space group. A proposed lower symmetry structure, 

tetragonal P4122, was shown to be the lowest energy configuration for “inverse” spinel by 

DFT calculations.70 This P4122 structure is the chiral pair of the 𝑃4(22 structure. 

Distinguishing between these two structures is very difficult with most characterization 

techniques and contemporary sources denote only the P4122 structure when referencing 

local ordering in spinel. 

Neutron total scattering experiments with pair distribution function (PDF) analysis 

performed by O’Quinn et al.71 provided direct insight into the atomic arrangement of 

ordered and disordered spinels in the MgxNi1-xAl2O4 series with high sensitivity to both 

cation anti-site defects and oxygen sublattice relaxations. The local structure of the 

analyzed spinel compositions were best modeled by two distinct phases (with varying 

fractions): (1) ordered, “normal” spinel (𝐹𝑑3/m), with A and B cations on the A- and B-

sites, respectively, and (2) disordered, “inverse” spinel (P4122)71, which was also shown 

in XANES experiments performed on a similar chemical series.72 The local atomic 

configuration in disordered spinels and the associated phase change were explained as a 

direct consequence of Pauling’s 1st and 2nd rules.73, 74 The P4122 tetragonal structure was 

also shown to be the ground state of highly ionic inverse spinels.75 The relative fraction of 

the tetragonal phase across the short-range was shown to scale directly with the inversion 

parameter, i, at the long-range, and the latter can be understood as a consequence of the 

atomic rearrangements. Interestingly, the long-range structure does not show any evidence 

of the local tetragonal phase, which implies that disorder in spinel is heterogeneous across 

different length scales with a higher degree of order locally then suggested by the long-
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range behavior and cation exchange mechanism. This structural heterogeneity, which 

explains the discrepancy in previous studies, must be considered for a full description of 

physical properties in spinels76 and contributes to an improved understanding of local 

cation ordering in complex oxides in general.75 

Summary 

 This dissertation reports the results of studies on the local structure of disordered 

spinel oxides with a focus on the MgAl2O4 - NiAl2O4 chemical solution series studied 

through neutron total scattering techniques. The experimental methods used to this end are 

described in Chapter 2. A note on previous discrepancies in the proposed space group of 

spinels is presented in Chapter 3 along with results of neutron single crystal diffraction 

performed on CORELLI at the SNS. The local structure of spinel in situ at high temperature 

is reported in Chapter 4. The response of the local structure of spinel to coupled extremes 

induced by swift heavy ion irradiation is covered in Chapter 5. Chapter 6 focuses on the 

small structural changes seen in the local structure of Y2Zr2O7 defect fluorite during 

extreme compression. Included in the chapter is an expanded description of performing 

neutron total scattering at high pressure; the challenges involved, proposed experimental 

method, and an examination of the capabilities of the high pressure SNAP diffractometer 

at the Spallation Neutron Source (SNS). Finally, Chapter 7 presents conclusions and 

provides perspective into further avenues of study on the topic of disorder in 2-3 spinel 

oxides. The publications which have resulted from my graduate work in the Nuclear 

Engineering Department at the University of Tennessee are listed here: 
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Chapter 2 

 

Experimental Methods 
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Pristine Sample Synthesis 

The MgxNi(1-x)Al2O4 samples were produced via the conventional solid-state 

synthesis route. The MgO, NiO, and Al2O3 powders were purchased from Alfa Aesar and 

mixed in the appropriate stoichiometric ratio: 

𝑀𝑔𝑂 + 𝐴𝑙%𝑂( 	
)#*+,-
<⎯⎯⎯> 	𝑀𝑔𝐴𝑙%𝑂' [Eq 2] 

 

𝑁𝑖𝑂 + 𝐴𝑙%𝑂( 	
)#*+,-
<⎯⎯⎯> 	𝑁𝑖𝐴𝑙%𝑂' [Eq 3] 

 

The samples were heated, reground, and heated again to ensure a complete reaction, which 

can be confirmed by laboratory X-ray diffraction (XRD) experiments.78, 79 The produced 

powders were used for the in situ heating study and the irradiation study.  

Neutron Total Scattering Theory 

The pristine and disordered samples generated for this research were characterized 

using neutron total scattering techniques. A total scattering experiment is performed to 

extract both the Bragg diffraction used to analyze the symmetry of a crystallite and diffuse 

sample scattering under the Bragg peaks, which are related to the local atomic 

arrangements. Accurately distinguishing between the diffuse scattering of the sample 

compared to the diffuse scattering of the sample container or instrument is a significant 

challenge that separates this advanced characterization technique from commonly 

performed diffraction experiments. In theory, total scattering experiments attempt to 

generate an exact total scattering pattern, also known as a structure function, that accurately 
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represents a sample, shown in equation 4. Where I(Q) is the normalized, background 

subtracted, sample signal and < b > is the average neutron scattering length of the sample. 

𝑆(𝑄) =
𝐼(𝑄)+< 𝑏 >% −< 𝑏% >

< 𝑏 >%  
[Eq 4] 

The structure function only arises after careful background subtraction and 

normalization, which is dependent on the sample chemistry, sample mass, sample 

geometry, and the incoming neutron energy spectra. In practice, collected total scattering 

patterns are often only background subtracted and normalized using an uncorrected 

vanadium measurement to approximate the neutron energy spectra. This rough pattern has 

no sample mass and chemistry considerations or corrections for neutron absorption and 

double scattering and must be scaled and corrected to form an approximate S(Q) using a 

program like StoG provided by RMCProfile80, 81.  

The local atomic arrangements can be determined through analysis of the pair 

distribution function (PDF) generated for the sample82. A PDF is a histographic 

representation of the atom pair distances in a sample in real space. The collected 

approximate neutron structure functions are converted into arbitrary scaled pair distribution 

functions, by Fourier transform as shown in equation 5.  

𝐺(𝑟) = 	
2
𝜋 K 𝑄[𝑆(𝑄) − 1]sin	(𝑄𝑟)𝑑𝑄

.!"#

.!$%

 
[Eq 5] 

where Q represents the scattering vector, 4𝜋 sin(𝜃) /𝜆, for a neutron of wavelength 𝜆, 

scattered at an angle 𝜃, and r represents the pair distance in real space. 

 The quality of the transformed PDF is highly dependent on instrument and sample 

loading. This is especially challenging for neutron total scattering experiments on samples 
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disordered via extreme conditions as generally little sample mass is produced. The small 

sample mass results in a lower number of scattering events, which significantly increases 

the intensity of noise. This effect is most significant in the high Q range of the collected 

structure function where the neutron flux is lower. This high Q noise is not a factor in 

determining the average structure as generally no Bragg peaks are present in this region. 

The noise, however, can cause significant challenges for PDF analysis of the local atomic 

arrangements. 

 Several techniques are employed to diminish the effect on the transformed PDF. 

During scaling in StoG, additional Fourier filters and cut offs are applied. The filter cutoff 

denotes a point in real space, below which, peaks in the PDF cannot be related to the 

structure of the sample and must be the result of noise, artifacts from the experimental 

procedure, and truncation ripples. The applied Fourier filter than attempts to remove these 

peaks and ripples. The most straightforward method to prevent noise from effecting the 

transformed PDF is to not transform it. By setting the Qmax of Eq 5 to below the point where 

the structure function is mostly noise, a clearer PDF is generated. This technique was 

employed in section 2.6 to find the ideal integration range for data collected on SNAP. For 

the data presented in this dissertation the integration was performed over a Q range of 0.2 

to 31.4 Å"! for the data collected at NOMAD. PDFs generated at SNAP were integrated 

over a Q range of 0.98 to 18 Å"!. Additionally, the truncation ripples in the PDF can be 

reduced by applying a Lorch function to the collected S(Q)83. The Lorch function gradually 

aligns the collected data to the self-scattering level of the sample, greatly reducing 
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truncation ripples form the Fourier transform. This process, however, significantly reduces 

the resolution of the transformed PDF. 

Disordering via Temperature 

 
Neutron total scattering data was collected using the Nanoscale-Ordered Materials 

Diffractometer (NOMAD) at the Spallation Neutron Source (SNS) located at Oak Ridge 

National Laboratory. The data was obtained in situ at high temperature using an Institut 

Laue-Langevin (ILL) – type vacuum furnace.84 Both samples were measured for 48 

minutes at each temperature step, with MgAl2O4 measured at 200, 300, 425, 500, 600, 650, 

700, 750, 800, 875, 950, and 1000°C, and NiAl2O4 measured at 100, 200, 300, 425, 500, 

600, 650, 700, 750, 850, 950, and 1000°C. An empty vanadium can was also measured to 

account for background signal. The total scattering structure function, S(Q), was generated 

by merging the diffraction data from the six detector banks of NOMAD. Before combining, 

the data from each bank will have its background removed experimentally using the empty 

vanadium can measurement and the scattering intensity will be normalized by the 

scattering intensity of a vanadium rod. 

Disordering via Irradiation 

Ion irradiation was performed with 2.2 GeV Au ions under vacuum and at room 

temperature using the X0 beamline of the Universal Linear Accelerator (UNILAC) at the 

GSI Helmholtz Center for Heavy Ion Research in Darmstadt Germany. The 

microcrystalline powder samples were uniaxially pressed with a hydraulic press (pressure 

of 25MPa) into a 1 cm diameter, 75-micron machined impression in 9 aluminum holders. 
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Each holder was wrapped with an aluminum foil of 10 µm thickness, which reduced the 

ion energy at the sample surface down to 2.0 GeV. Multiple holders were used to maximize 

sample volume for neutron total scattering experiments. The amount of material that was 

pressed in each holder was determined using the SRIM 2008 code85 and limited such that 

the ions fully penetrated all samples given their range of 110 µm and 96 µm, for MgAl2O4 

and NiAl2O4, respectively. The energy loss was approximately constant across the sample 

pellets with average values of 34.2 keV/nm and 38.6 keV/nm for both endmembers. The 

nine holders were mounted on a 5 cm × 5 cm aluminum plate and together exposed to a 

fluence of 6×1012 ions/cm2, which is sufficiently high to cover the entire sample area with 

ion tracks, based on previous work. 

The irradiated powder samples, along with their unirradiated reference 

counterparts, were loaded into quartz capillaries (2 mm outer diameter, 0.01 mm wall 

thickness), using all 9 aluminum holders for the irradiated samples and an equivalent 

amount of pristine material per capillary. Neutron total scattering analysis was performed 

at room temperature, using the Nanoscale-Order Materials Diffractometer (NOMAD) 

instrument84 of the Spallation Neutron Source at Oak Ridge National Laboratory. Samples 

were measured for 2 hours, which resulted in 6 Coulombs of measured proton charge on 

the spallation target. The measured proton charge is directly proportional to neutron fluence 

the sample receives. Scattering from an empty quartz capillary was subtracted from the 

scattering collected from the sample within a capillary and the resulting data were 

normalized to the scattering from a vanadium rod yielding the neutron total scattering 

structure function, S(Q). 
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Spinel Structure Refinement 

Rietveld refinement86 of the neutron diffraction patterns was performed using the 

software package GSAS II.87 The average, long-range structure was modeled as a 𝐹𝑑3/𝑚 

unit cell. The unit-cell parameter, anion parameter, 6 component background, scale factor, 

and inversion parameter, defined as the fraction of tetrahedral sites occupied by A𝑙(/ ions, 

were refined. The cation sites were confined to be fully dense, and the associated thermal 

parameters were related to the crystallographic site rather than the atomic occupant. The 

microstrain present in the sample was also refined. 

The short-range structure of the samples was extracted by small box refinement of 

pair distribution functions using PDFgui.88 The local structure was modeled with a two-

phase approach for both samples using “normal” cubic (𝐹𝑑3/𝑚) and “inverse” tetragonal 

(P4122) atomic arrangements. In the model, the “normal” phase was restricted to only have 

Mg/Ni on the 8a site and Al on the 16d site, whereas the “inverse” phase restricted Mg/Ni 

to the octahedral site 4a site with Al occupying the 4b and 4c sites. Twenty-two parameters 

were used in the refinement. In the “normal” phase, the unit-cell parameter (a=b=c), global 

scale factor, correlated motion parameter, anion parameter, and 1 atomic displacement 

parameter for each Wykoff site (U11=U22=U33) were refined. In the “inverse” phase, the 

unit-cell parameter was fixed by the “normal” phase, and the square base was constrained 

to √2𝑎0 = √2𝑏0 = 𝑐0. The global scale factor and the correlated motion parameter were 

also fixed by the “normal” phase. The atomic positions were refined with 9 parameters, 4c 

(x=y), 4a (y), 4b (y), and 8d (𝑥 ≠ 𝑦 ≠ 𝑧). Five atomic displacement parameters were used 
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with a cubic approximation, leaving one parameter for each Wyckoff site (U11=U22=U33). 

The fractions of the “inverse” and “normal” phases were also refined. 
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Chapter 3 

 

A Note on the Structure of Spinel 
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Abstract 

The space group of the spinel structure was at one point actively debated in 

literature. The catalyst for which were the results of physical property measurements that 

could only be explained through atomic distortions not possible in the 𝐹𝑑3/𝑚 space group. 

These structural irregularities appeared to be confirmed through electron diffraction 

measurements where reflections forbidden in the 𝐹𝑑3/𝑚 space group were observed. These 

inconsistencies with the space group of the spinel structure were resolved by a proposed 

𝐹43/𝑚 structure. These forbidden reflections, however, were not reproducible when 

neutron scattering was employed. This inconsistency was attributed to neutron sources of 

the 1970s not being intense enough to measure these reflections in MgAl2O4. We have used 

the CORELLI instrument at the Spallation Neutron Source at Oak Ridge National 

Laboratory to measure single crystals of MgAl2O4. The reconstruction of the diffraction 

pattern includes the previously reported forbidden reflections. Additional analysis shows 

that these reflections are the result of double diffraction processes, and the space group of 

Spinel is 𝐹𝑑3/𝑚. 

Introduction 

Although initially describe in 1915, the space group and structure of MgAl2O4 was 

significantly debated in literature 60 years after the initial diffraction experiments by Bragg 

and Nishikawa 89, 90. The initial motivation to reevaluate the structure were discrepancies 

in the physical property measurements of the dielectric constant91, magnetism92, and heat 

capacity93 of some spinel compositions. Discrepancies in the structure were also observed 

in several spectroscopy techniques including infrared absorption94 and electron spin 
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resonance95. These inconsistencies were proposed to originate from a distortion of the 

spinel structure that was not captured by the 𝐹𝑑3/𝑚 space group91. 

The spinel structure (AB2X4) as described in 1915 is a cubic unit cell with eight 

formula units per cell. The most concise description of the arrangement is two 

interpenetrating tetrahedra. The first tetrahedra has A at the center and X anions on the 

corners. One of the X anions is the center of the other tetrahedra with A/B cations on the 

corners. Four of these motifs can be used to form an entire spinel unit cell. The resulting 

crystal structure can be described by the 𝐹𝑑3/𝑚 space group with the anions in the 32e 

Wyckoff site, A on the 8a tetrahedral site, and B on the 16d octahedral site. Deviations 

from this structure can result from cation anti-site defects, where the A site cation occupies 

the 16d site and vice versa. This defect, referred to as inversion, also causes additional 

anion disorder with the anion position dilating in the <1 1 1> direction to account for 

different cation sizes20.  

These disordering mechanisms, however, are not able to account for the measured 

dielectric properties. Peters and Stanley (1958) noted in their low frequency measurements 

of magnesium manganese ferrite that its magnetic properties are mostly likely explained 

by a permanent dipole moment91. Forming this dipole moment would require distorting the 

corner atoms of one of the interpenetrating spinel tetrahedra. A spinel structure defined 

using the 𝐹43/𝑚 space group, which allowed for this distortion and reconciled previous 

discrepancies was proposed in 1971 by Grimes94. The lower symmetry 𝐹43/𝑚 structure has 

two unique oxygen positions and displacement parameters, which form an additional large 

tetrahedral site and small octahedral site. 
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The 𝐹43/𝑚 space group should be easily distinguishable from 𝐹𝑑3/𝑚 in diffraction 

experiment as they have different selection rules. Using electron diffraction, Hwang et. al 

(1973) reported a (0, 2, 0) reflection in MgAl2O4, which is forbidden in the 𝐹𝑑3/𝑚 space 

group96. These reflections were also found in electron diffraction patterns collected by 

Heuer and Mitchell97 (1975) and Mishra and Thomas98 (1977). Whether these measured 

forbidden reflections were real was questioned by Smith (1978), who proposed they were 

the result of double diffraction, which was measured using electron diffraction by 

Tokonami and Horiuchi (1980) 99, 100. Simultaneous to many of these electron diffraction 

experiments were attempts to measure the forbidden peak with neutron diffraction101. 

Neutron diffraction provides many advantages over electron and x-ray diffraction. 

Neutrons interact with the nuclear structure of an atom and, therefore, easily distinguish 

between atoms with low atomic numbers. Importantly, neutron diffraction beamlines 

commonly use of a time of flight spectrometers, which can separate out harmonic 

contributions that may cause unusual reflections. This technique was initially applied on 

magnetite spinel, Fe3O4, by Samuelson102 (1974) where no forbidden (2 0 0) reflection was 

measured. Samuelson and Steinvoll103 (1975) repeated this technique on spinel, MgAl2O4, 

and were also unable to reproduce the forbidden peaks measured through electron 

diffraction. The inability to reproduce electron diffraction results using neutron diffraction 

was address by Heuer and Mitchell97 (1975) as the result of the weak flux of neutron 

sources. They argued that the weak, measured intensity of the (2 0 0) peak in electron 

diffraction would be impossible to distinguish from the background in neutron diffraction 
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experiments. These discrepancies were never resolved and recent publications still consider 

the potential for spinel to be better described by the 𝐹43/𝑚 space group104. 

Modern spallation neutron sources, however, have significantly higher neutron 

fluxes than historic reactor sources. Using the Corelli instrument at the Spallation Neutron 

Source at Oak Ridge National Laboratory, we have measured multiple Spinel, MgAl2O4, 

samples. In these samples, the h + k = 4n + 2 forbidden reflections are present. These peaks 

are not dependent on the intrinsic amount of disorder in the spinel crystal, are the result of 

double diffraction, and are not evident of the 𝐹43/𝑚 space group. 

Methods 

Sample Procurement and Preparation 

MgAl2O4 single crystals were purchased from MSE Supplies, batch number 

31221B6. The crystals were 10mmx10mmx0.5mm in size, double sided polished, and cut 

in the [1 0 0] direction. Samples were then scored and split into two 10mm x ~5mm x 

0.5mm sections to create two approximately 100 mg pieces.  

Neutron Single Crystal Diffraction and Data Analysis 

MgAl2O4 single crystals were measured using the CORELLI instrument at the 

Spallation Neutron Source at Oak Ridge National Laboratory105. The single crystals were 

mounted on Aluminum “spoons” using epoxy and an Aluminum band to ensure the 

attachment. The “spoons” are created at the SNAP beamline by pressing the end of an 

35mmx1.5mm aluminum rod in a hydraulic press to form a flat surface for the crystals to 

be mounted to. The spoon was then affixed to a measured coolant stick and the position of 
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the inserted spoon was adjusted to center the crystal in the neutron beam. The end of the 

stick was wrapped in Cadmium to prevent any signal from the holder. The entire assembly 

was then lowered into the CCR (closed cycle refrigerator) for data collection. 

Neutron scattering data was collected at 300K, with the correlation chopper active. 

The angle of the sample was changed in 1.5° increments and at each step the sample was 

exposed to neutrons for 50 seconds. This process was repeated for 3 hours and 20 minutes 

to capture 360 degrees of scattering. A fine mesh scan was also performed at 300K around 

the 0 -2 0 forbidden reflection, using 0.195° steps with 180 minute exposures. The collected 

data was transformed with a calculated UB matrix into a 3D reconstruction of the 

diffraction pattern, which was integrated with no symmetry constraints and refined using 

the GSASII software package106. 

Results and Discussion 

 An hk0 slice of the reconstructed single crystal neutron diffraction pattern of 

MgAl2O4 with and without the correlation chopper is shown in Figure 3.1. The diffraction 

rings present are from the aluminum holder the crystal is affixed to and is unique to each 

measurement. The “tails” on the diffraction spots are characteristic of CORELLI and are 

removed by the correlation chopper as shown in the bottom pattern. The correlation 

chopper also removed the diffuse scattering clouds present around the strong reflections. 

The h + k = 4n + 2 reflections are present both with and without the correlation chopper. 

A h00 line cut of the slice shown in Figure 3.1 without the correlation chopper is shown in 

Figure 3.2.  
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Figure 3.1: Reconstructions of the diffraction pattern of MgAl2O4 without (top) and with (bottom) the 

correlation chopper active. Sample was measured at 300K. 
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Figure 3.2: An h00 line cut of the slice shown in Figure 3.1. The inset highlights to 200 and -200 peaks. 

The black stars denote peaks from the aluminum holder. 
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The strong reflections are associated with the spinel phase described by the 𝐹𝑑3/𝑚 space 

group |(4 0 0)|, |(8 0 0)|, |(12 0 0)|. Along with these peaks are very weak reflections at |(2 

0 0)|, |(6 0 0)|, |(10 0 0)| with the |(2 0 0)| peaks highlighted by the inset. 

A fine mesh scan in theta was performed around the (0 -2 0) reflection to determine 

how the peak intensity varied with neutron wavelength. The small changes in angle select 

different neutron wavelengths from the white beam which can interact with the (0 -2 0) 

plane. If the reflection is real, small changes to the wavelength should not affect the peak 

intensity significantly; however, if the peak is a result of double diffraction, small changes 

to the wavelength will affect the double diffraction process significantly. The results of the 

fine mesh scan are shown in Figure 3.3. The intensity of the (0 -2 0) peak is highly 

dependent on incident neutron wavelength with an oscillatory behavior. It is, therefore, 

highly likely that this reflection is the result of double diffraction and not a new reflection 

in MgAl2O4. 

The results of neutron diffraction on a single crystal show that the space group of 

the spinel is 𝐹𝑑3/𝑚. The measured diffraction peaks, however, only reflected the average 

structure of spinel. Recent work has shown that inverted spinels display structural 

heterogeneity where the long range average structure is different from the distinct local 

atomic arrangements75, 107. The local structure of spinel is a tetragonal structure described 

by the 𝑃4!22 space group and the averaging of these local domains forms the long range 

𝐹𝑑3/𝑚 structure. The phase fraction of the local structure is directly tied to the amount of 

inversion, cation anti-site defects, in the spinel crystal77.  
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Figure 3.3: Variation in the intensity of the 0 -2 0 reflection when scattering neutrons of different 

wavelengths. 
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For the single crystal measured, the level of inversion was determined to be 𝑖 = 0.113	 ±

0.021 from Rietveld refinement. This amount of inversion is common for synthetically 

synthesized MgAl2O4 samples. 

Whether the amount of inversion in a measured spinel could potential effect the 

presence and intensity of the forbidden reflections was previously proposed in literature; 

however, few studies discuss the amount of inversion as it is difficult to determine from 

electron diffraction experiments alone108. The forbidden reflections being dependent on 

inversion could explain the conflicting results of electron diffraction between compositions 

and even in identical compositions if they were synthesized differently. This explanation 

of previous results is likely not correct as we have shown that we can measure the forbidden 

reflections in MgAl2O4 with neutron diffraction and shown that they are most likely the 

result of double diffraction. The variations in results are likely from subtle changes in the 

experimental setup between authors and samples. As shown in figure 3, double diffraction 

events are highly depended on the exact experimental conditions and small deviations can 

drastically change the measured peak intensity.  

Although likely not the source of the forbidden reflections, the effect of inversion 

on distortions in spinel may be useful in understanding physical property measurements 

that cannot be explained using the 𝐹𝑑3/𝑚 structure. If these properties are affected by the 

amount of inversion it suggests they are related to the 𝑃4!22 local structure which is 

formed as a consequence of the formation of the cation anti-site defect. It is prudent, 

therefore, to readdress many of these previous property measurements that are dependent 

on local cation arrangements using the current 𝑃4!22 local structure. 
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Conclusions 

 Spinel single crystals of MgAl2O4 were measured using neutron diffraction at the 

CORELLI beamline at the Spallation Neutron Source at Oak Ridge National Laboratory. 

The normalized reconstruction of the diffraction pattern showed reflections forbidden in 

the 𝐹𝑑3/𝑚 space group. A fine mesh scan around one of these reflections revealed that the 

intensity is highly dependent on the neutron wavelength suggesting they are the result of 

double diffraction processes. The previously measured physical properties, which require 

atomic distortions not possible in the 𝐹𝑑3/𝑚 space group should be reassess using the new 

proposed local tetragonal 𝑃4!22 phase, which has been consistently measured in Spinels 

with some amount of inversion. 
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Chapter 4 

 

 Short Range Ordering of MgAl2O4 

and NiAl2O4 at High Temperature 

  



 

 
 

38 

This chapter is reproduced in part with permission from Hirtz, J: O’Quinn, E.C.; 

Gussev, I.; Neuefeind, J.; Lang, M. "Cation Short-Range Ordering of MgAl2O4 and 

NiAl2O4 Spinel Oxides at High Temperatures via In Situ Neutron Total Scattering." 

Inorganic Chemistry 61(42): 16822-16830.77  Copyright 2022 American Chemical Society. 

This chapter has been revised from its published form to present important 

information to the reader when it is pertinent and to prevent information overlap with other 

chapters. The extended introduction into the spinel structure and review of the previous 

high temperature studies has been moved to the introduction and the information on the 

methodology is presented in the experimental methods section. Presented in this chapter 

are the abstract, experimental results, discussion, and conclusions. For this published work, 

J.H, I.G, E.C.O and M.L. conceived the experiment. E.C.O, J.N, and M.L. performed the 

neutron scattering experiment, J.H analyzed the data, E.C.O., J.H, I.G, and M.L interpreted 

the data, and J.H wrote the manuscript with input from all authors. 

Abstract 

 Complex oxides that adopt the isometric spinel structure (AB2O4) are important for 

numerous technological applications and are relevant for certain geological processes, 

which involve exposure to extreme environments such as high pressures and temperatures. 

Recent studies have shown that the changes to the spinel structure caused by these 

environments are complex and depend on the material length scale under consideration. In 

this study we have expanded this approach to the behavior of spinels under high 

temperature. In situ neutron total scattering experiments, coupled with pair distribution 



 

 
 

39 

function analysis, performed on two spinel compositions with various levels of pre-existing 

disorder (MgAl2O4 and NiAl2O4) revealed that both compositions trend to a state of 

maximum disorder where the A and B cations are randomly distributed amongst the two 

available sites. Temperature-induced cation inversion, conventionally understood as 

exchange of cations on the A and B sites, is locally expressed as an atomic rearrangement 

to a tetragonal symmetry, a correlation that is retained up to the maximum temperature 

studied (1000 °C). A complex thermal expansion behavior is revealed wherein the oxide 

materials expand heterogeneously at the level of coordination polyhedral with an apparent 

dependence on bond strength. 

Experiment Results 

The neutron diffraction patterns of MgAl2O4 and NiAl2O4 at 200°C and 1000°C are 

shown in Figure 4.1a and 4.1b. With increasing temperature, a change in the diffraction 

pattern is observed with the diffraction maxima broadening and shifting toward higher d-

spacing in both samples, which can be attributed to increased thermal vibrations and 

thermal expansion, respectively. No additional peaks are apparent in the pattern at 1000°C, 

and no peaks diminish as compared to the data measured at 200°C. Rietveld refinement 

was performed on the long-range diffraction data measured at all temperatures using the 

conventional spinel structural model defined in Table 4.1, which yielded the unit-cell 

parameter, inversion parameter, and anion parameter (Table 4.2).  
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Figure 4.1: Stacked neutron diffraction patterns for (a) MgAl2O4 and (b) NiAl2O4 spinel at 200°C and 1000°C 

collected from Bank 5 of the NOMAD detector array. The blue circles represent collected data and the red 

line depicts the simulated diffraction pattern using the conventional spinel structural model (Table 4.2.1). 

The green curve represents the difference between observed and calculated diffraction patterns, quantified 

by the goodness-of-fit-parameter Rw. The parameter i denotes the inversion in the spinel compound. 
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Table 4.1: Cubic Fd3$m and tetragonal P4&22 structural models used for Rietveld (long range) and small-box 

(short range) refinements of MgAl2O4 and NiAl2O4 spinels. Coordination numbers (CN) of different Wyckoff 

sites are given in parentheses. Bold positional coordinates are free parameters that were fit during refinement. 

Wyckoff 
Equipoints 

(CN) Occupant x y Z 
 Cubic    
8a (4) Mg / Ni 0.125 0.125 0.125 
16d (6) Al 0.5 0.5 0.5 
32e O 0.25  0.25 0.25 
     
 Tetragonal    
4a (6) Mg / Ni 0 0.25 0 
4b (4) Al 0.5 0.25 0 
4c (6) Al 0.25 0.25 0.375 
8d O 0.75 0 0.5 
8d O 0.25 0.5 0.5 
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Table 4.2: Results of Rietveld refinement of neutron diffraction data for MgAl2O4 and NiAl2O4 spinels 

measured at a range of temperatures up to 1000°C. Shown are unit-cell parameter a0, inversion parameter i, 

and anion parameter u; Rw values represent the goodness-of-fit between experimental data and utilized cubic 

𝐹𝑑3$𝑚 spinel structural model. 

MgAl2O4 a0 i u Rw NiAl2O4 a0 I u Rw 

200 °C 8.07360(6) 0.23(3) 0.26162(8) 11.555 100 °C 8.04025(6) 0.88(1) 0.2553(1) 12.860 

300 °C 8.08051(6) 0.22(4) 0.26161(8) 11.267 200 °C 8.04611(6) 0.87(1) 0.2553(1) 12.431 

425 °C 8.08955(6) 0.21(4) 0.26159(9) 10.739 300 °C 8.05262(6) 0.87(1) 0.2552(1) 12.040 

500 °C 8.09506(6) 0.20(4) 0.26160(9) 10.461 425 °C 8.06068(6) 0.87(1) 0.2551(1) 11.509 

600 °C 8.10286(6) 0.18(4) 0.26166(9) 10.066 500 °C 8.06527(6) 0.87(1) 0.2551(1) 11.139 

650 °C 8.10653(6) 0.20(4) 0.26149(9) 9.871 600 °C 8.07209(6) 0.87(1) 0.2550(1) 10.901 

700 °C 8.11018(6) 0.21(4) 0.2613(1) 9.706 650 °C 8.07538(6) 0.87(1) 0.2550(2) 10.727 

750 °C 8.11395(6) 0.22(5) 0.2612(1) 9.544 700 °C 8.07896(6) 0.87(1) 0.2550(2) 10.632 

800 °C 8.11773(6) 0.23(5) 0.2610(1) 9.362 750 °C 8.08273(6) 0.86(1) 0.2550(2) 10.508 

875 °C 8.12357(6) 0.24(5) 0.2609(1) 9.151 850 °C 8.09091(7) 0.86(1) 0.2551(2) 10.005 

950 °C 8.12957(67) 0.25(56) 0.2607(11) 8.936 950 °C 8.09990(7) 0.83(2) 0.2552(22) 9.770 

1000 °C 8.13373(67) 0.26(57) 0.2606(12) 8.783 1000 °C 8.10478(7) 0.82(21) 0.2552(22) 9.495 
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As shown for the representative data measured at 200°C and 1000°C (Figure 2.1), this 

structural model describes the diffraction data well for both compositions at all 

temperatures.  

The structural refinements reveal that the unit-cell parameters of both samples 

increase with temperature in agreement with the effect of thermal expansion. The change 

in inversion parameter and anion parameter as a function of temperature is shown in Figure 

4.2. The MgAl2O4 spinel initially has low inversion (i ~ 0.23), which generally remains 

constant with increasing temperature up to 600°C, where the inversion begins to increase 

linearly (i ~ 0.26 at 1000°C). The initial level of inversion in MgAl2O4 is slightly higher 

than expected for an ordered spinel sample, which may be ascribed to slight non-

stoichiometry in the starting material.30 However, the temperature-dependent behavior of 

the inversion parameter with a plateau at lower temperatures and a linear increase above 

600°C agrees well with previous experiments for MgAl2O4.30 The inversion parameter of 

NiAl2O4 is significantly higher (i ~ 0.88) than that of MgAl2O4, indicative of a more 

“inverse” cation arrangement, and remains relatively constant during the heating process 

up to 800°C, above which i slightly decreases. The anion parameter, u, highly sensitive to 

the cation partitioning among the two available sites, is directly correlated with the 

inversion parameter, i, and exhibits a similar behavior with increasing temperature for both 

compounds. The anion parameter, u, of MgAl2O4 remains constant during heating up to 

600°C, above which it notably decreases; this decrease is indicative of the anion sublattice 

trending towards an ideal cubic close-packed arrangement (u = 0.25). In contrast, the anion 

parameter of NiAl2O4 is initially much lower and remains generally  
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Figure 4.2: (a) Inversion parameter and (b) anion parameter of MgAl2O4 (bottom, blue spheres) and NiAl2O4 

(top, red spheres) spinels obtained by Rietveld refinement of neutron diffraction data as a function of 

temperature. The error bars represent uncertainty of the refinement process and were directly taken from the 

GSAS II software. Ordinate in (b) is inverted and truncated for clarity and better comparison with (a). 
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constant until heating above ~800°C, after which it increases. The behavior of all three 

structural parameters (a, u, and i) with increasing heating agrees well with previously 

reported results on thermal- induced disordering in spinel, including critical temperatures 

of approximately 600°C and 800°C for MgAl2O4 and NiAl2O4, respectively.30, 32  

Employing the structural relations from Sickafus et al.,20 the average volumes of 

the 8a and 16d polyhedra were calculated using the unit-cell and anion parameters. During 

heating, the polyhedra initially increase in volume, caused by the expanding unit-cell 

parameter, until the critical temperature is reached and the initial inversion begins to 

change. At temperatures beyond this point, the change in polyhedral volume is dominated 

by the anion parameter. This effect is most striking in MgAl2O4, where the 8a tetrahedra 

no longer expand with increasing temperature as the smaller Al cation moves into the 8a 

sites.  

Further structural insight into local atomic changes during heating was obtained 

from neutron pair distribution function (PDF) analysis (Figure 4.3). The PDFs of the two 

compositions are very similar but show some differences in peak width and intensity ratios, 

which is related to some degree of structural disorder. With respect to the PDF of the 

samples collected at 200°C, the peaks in the PDF of the samples collected at 1000°C are 

dampened and broadened.  

Small-box refinement was used to analyze all PDFs to determine temperature-

induced changes of interatomic distances and local coordination environments in both 

samples. For this purpose, a two-phase model was utilized consisting of the “normal” cubic 

(𝐹𝑑3/𝑚) and an “inverse” tetragonal (P4122) atomic arrangement (Table 4.2) as  
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Figure 4.3: Stacked neutron pair distribution functions (PDFs) for (a) MgAl2O4 and (b) NiAl2O4 spinels at 

200°C and 1000°C. The blue circles represent collected data and the red lines depict the simulated distribution 

functions using a mixed-phase spinel structural model consisting of cubic Fd3$m and tetragonal P4122 (Table 

4.2). The green curve represents the difference between observed and calculated PDFs., quantified by the 

goodness-of-fit-parameter Rw. 
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suggested by a previous study that investigated chemical-induced disordering in these same 

spinel compounds.71 The phase fraction and polyhedral volumes were deduced for both 

compositions at each temperature, and the results are summarized in Table 4.3. As shown 

in (Figure 4.4), the fraction of the tetragonal (P4122) phase increased for MgAl2O4 with 

temperature at the expense of the cubic phase, while the behavior is opposite for NiAl2O4. 

Discussion of Results 

Neutron total scattering was used in this study to characterize the underlying 

atomic-scale structural changes induced by cation inversion from exposure to high 

temperature. High sensitivity to the oxygen sublattice and simultaneous access to the short-

range and long-range structure permitted comprehensive evaluation of thermally-induced 

disordering in MgAl2O4 and NiAl2O4. The long-range results, assessed by Rietveld 

refinement of diffraction data over the entire temperature series, agree with previous 

neutron diffraction studies of both compositions at elevated temperatures.15, 30 MgAl2O4 

spinel, with an initially low level of inversion, shows increased cation disorder with 

increasing temperature, structurally changing towards a fully disordered random cation 

arrangement. NiAl2O4, with an initially high level of inversion, also further disorders upon 

heating, with inversion decreasing towards a random distribution of cations across the two 

available sites. The changes in inversion in both compositions were also reflected in the 

anion parameter, which is directly related. The diffuse scattering in the neutron structure 

functions, S(Q), at higher temperature in both samples is indicative of thermally-induced 

structural changes at the short-range, which are not  
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Table 4.3: Results of small box refinement from neutron PDFs of MgAl2O4 and NiAl2O4 utilizing a mixed-

phase spinel structural model consisting of cubic 𝐹𝑑3$𝑚 and tetragonal P4122 (Table 4.1). The phase fraction 

denotes the relative amount of the tetragonal phase. 

MgAl2O4 Phase 
Faction 

Rw NiAl2O4 Phase 
Fraction 

Rw 

200 °C 0.26(4) 0.067 100 °C 0.86(2) 0.075 
300 °C 0.26(6) 0.067 200 °C 0.86(2) 0.075 

- - - 300 °C 0.87(2) 0.074 
500 °C 0.26(7) 0.071 425 °C 0.88(2) 0.075 
600 °C 0.25(6) 0.069 500 °C 0.88(2) 0.074 
650 °C 0.27(6) 0.066 600 °C 0.89(2) 0.75 
700 °C 0.28(6) 0.066 650 °C 0.89(2) 0.075 
750 °C 0.29(5) 0.070 700 °C 0.89(2) 0.075 
800 °C 0.30(6) 0.072 750 °C 0.89(2) 0.075 
875 °C 0.32(6) 0.073 850 °C 0.89(3) 0.078 
950 °C 0.34(6) 0.075 950 °C 0.88(3) 0.080 

1000 °C 0.35(6) 0.076 1000 °C 0.88(3) 0.082 
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Figure 4.4: Comparison of the local tetragonal phase fraction (blue and red diamonds) from PDF small-box 

refinement and long-range inversion parameter (green and magenta triangles) from Rietveld refinement of 

diffraction patterns for MgAl2O4 and NiAl2O4 spinels based on neutron total scattering experiments across a 

range of temperatures. The error bars represent the uncertainty of the refinement process and were taken 

directly form the GSASII and PDFGUI software packages. 
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captured by Rietveld refinement of the Bragg peaks alone.109, 110 A neutron total scattering 

study recently showed that chemically-induced disorder across the Mg1-xNixAl2O4 solid-

solution series, with Mg being replaced by Ni at room temperature, proceeds at the atomic 

scale as a phase transition by which the ordered isometric spinel phase is increasingly 

replaced by a tetragonal phase.71 The same tetragonal P4122 structural model71 was used 

in the small-box modeling of this study, together with the cubic 𝐹𝑑3/𝑚 phase, to fully 

capture all changes in the PDFs across different temperatures. This approach significantly 

improved the fit quality and agreement between experimental data and the structural model, 

particularly for NiAl2O4. The fraction of the tetragonal P4122 phase (Table 4.3) was 

evaluated together with the inversion parameter (Table 4.2) as a function of increasing 

temperature to compare thermally induced short- and long-range changes (Figure 4.4). The 

two parameters exhibit a very similar trend with increasing temperature for both spinel 

oxides, which agrees very well with the compositional behavior observed in the solid-

solution series.71 This agreement leads to the conclusion that an increase in inversion across 

the long-range structure, driven by thermal treatment, corresponds to local buildup of a 

tetragonal phase (and, vice versa, less inversion corresponds to decreasing fraction of the 

tetragonal phase). Thus, inversion and related cation disordering in spinel are described by 

the same atomic-scale processes, independently of the disordering mechanism (thermally 

driven as in this study or chemically induced as in71, 72). 

The use of the P4122 model for the local atomic arrangement of disorder in spinel can 

be rationalized by crystal structure theory.74 Inversion across the long-range is described 

as cation exchange (i.e. for MgAl2O4, Mg cations move into Al-sites, while Al cations 
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move into Mg sites). From a local atomic perspective, the size of cations (ionic radius) and 

available sites must be comparable, and the bonding environment must satisfy local charge 

balance as outlined by Pauling’s first and second rules.74 The tetragonal phase accounts for 

these constraints when the structure is disordered across the Mg and Al sites by providing 

additional cation sites that can accommodate the differently sized cation species, in 

agreement with Pauling’s first rule. The resulting bonding environment of cations and 

anions cannot exactly satisfy the nominal bond strength sums in the disordered phase (2.0 

for fully ordered spinel), but Pauling’s second rule is satisfied approximately by a 

combination of two specific structural motifs.73 The lower-symmetry tetragonal phase in 

MgAl2O4 and NiAl2O4 is the simplest atomic arrangement with 2 unique oxygen positions 

with bond strength sums of 1.917 and 2.083, averaging to 2.0.74 While the driving force of 

inversion can differ (e.g., intrinsic: changes in chemical composition, or extrinsic: 

temperature exposure), the final disordered atomic arrangement is described by the same 

tetragonal structural model, which is a direct consequence of Pauling’s rules. 

The disordering process and the observed phase changes over the short-range structure 

can be conventionalized based on transformation of coordination polyhedra. The P4122 

space group, used to model the atomic relaxation associated with cation inversion and 

disorder, exhibits three distinct polyhedra: (i) the 4b tetrahedra containing a B site cation, 

(ii) the larger 4a octahedra containing an A site cation, and (iii) the smaller 4c octahedra 

containing a B site cation. A fully ordered, “normal” spinel (i = 0), however, only has two 

distinct polyhedra based on the 𝐹𝑑3/𝑚 space group, the 8a tetrahedra containing an A site 

cation and the 16d octahedra containing a B site cation. There are two octahedra for each 
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tetrahedron in the cubic phase given by the 1:2 cation stoichiometry, but both octahedra 

(and the corresponding B site cations) are indistinguishable from each other. The transition 

from “inverse” P4122 to “normal” 𝐹𝑑3/𝑚 spinel, as observed for NiAl2O4 with increasing 

temperature, can be thought of as an exchange of the A site cation in the 4a octahedra with 

the B site cation in the 4b tetrahedra. This exchange creates a new A site cation tetrahedra 

and two B site cation octahedra that are no longer distinguishable. The new polyhedral 

configuration is described by the same parameters as a “normal” spinel. The reverse 

operation, a transition from “normal” to “inverse” spinel as observed for MgAl2O4 at high 

temperatures, occurs by a similar exchange process, but it remains unclear which of the 

two non-distinguishable B site octahedra participate in the exchange with the A site cation. 

The average polyhedral volumes, deduced from the long-range structure, have 

previously been demonstrated to depend only on the unit-cell and anion parameters.20 

Using these relations, it can be seen based on the neutron diffraction data that the structural 

evolution of coordination polyhedra (Figure 4.5) starts to deviate from a simple, linear 

thermal-expansion behavior beyond the critical temperature where cation movement 

further disorders the structure: ~600°C for MgAl2O4 and ~800°C for NiAl2O4. In this long-

range view, movement of the larger Mg2+ cation into the octahedral site (and smaller Al3+ 

cation into the tetrahedral site) causes a contraction in the tetrahedra volume  
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Figure 4.5: Evolution of average volume of coordination polyhedra in (a) MgAl2O4 and (b) NiAl2O4 spinel 

with increasing temperature based on long-range structural data (neutron diffraction). The black circular data 

points and black line connecting the data points represent the 16d octahedra, and the red squared data points 

and connecting red line represent the 8a tetrahedra. Occupancy of polyhedra by cations differs in both 

samples. 
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and an expansion of the octahedra (Figure 4.5a). Disordering for NiAl2O4 spinel at high 

temperature results in reduction of inversion, which means for the long-range structure that 

the smaller Al3+ cation moves from its tetragonal site to the octahedral site (Figure 4.5b). 

Beyond the critical temperatures where inversion changes, cation exchange plays a critical 

role in modifying the size of polyhedra with increasing temperature. In fact, in MgAl2O4 

inversion leads to an increasing contraction of the tetrahedra above ~600°C, while the 

octahedra volume shows accelerated expansion above that point, which drives the 

observable net thermal expansion. The effect is opposite for NiAl2O4, and decreasing 

inversion above ~800°C leads to reduced expansion of the octahedra and increased 

expansion of the tetrahedra. The interpretation of the individual polyhedra volumes with 

respect to inversion in the 𝐹𝑑3/𝑚 long-range structure, however, is indirect as it is based 

on the diffraction pattern analysis and associated long-range parameters (unit-cell and 

anion parameters). 

Direct evaluation of the volume of all 5 coordination polyhedra existing in the two 

phases (cubic, 𝐹𝑑3/𝑚 and tetragonal, P4122) in the local structure was assessed in this study 

by analysis of the the neutron PDF data. Small-box modeling was used to determine the 

volume of each tetrahedra and octahedra in the mixed normal and inverse spinel 

configurations. The behavior of the polyhedral volume exhibits a more complex evolution 

with temperature (Figure 4.6) as compared with the indirect characterization from the long-

range structure (Figure 4.5). To better interpret the PDF data, one must consider that 

changes in the volume of individual polyhedra are caused by two processes: (1) thermal 

expansion (below and above critical temperatures) and (2) phase changes 
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Figure 4.6: Evolution of the volume of local coordination polyhedra with increasing temperature based on 

small-box modeling of neutron PDF data obtained for (a) MgAl2O4 and (b) NiAl2O4 spinel. The black squares 

represent the 16d octahedra, the red circles represent the 8a tetrahedra, the blue triangles represent the 4a 

octahedra, the green inverse triangles represent the 4c octahedra, and the purple diamonds represent the 4b 

tetrahedra. All corresponding colored lines are drawn to guide the eye. 
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related to inversion (above critical temperatures). The relative abundance of the tetragonal 

phase (and the associated polyhedra) is increased in MgAl2O4 and decreased in NiAl2O4 

with increasing temperature. As it was the case for the long-range analysis, the onset of 

inversion processes and associated cation movement is expressed in each spinel 

composition by abrupt changes in the polyhedral volume evolution. However, only some 

coordination polyhedra show this distinct behavior. The polyhedra of the dominant phase 

in each composition (cubic phase for MgAl2O4 and tetragonal phase for NiAl2O4) exhibit 

a continuous linear change in their volume even beyond the critical temperatures (~600°C 

for MgAl2O4 and ~800°C for NiAl2O4), as shown by the red and black data points in Figure 

4.6a, as well as the blue, green, and purple data points in Figure 4.6b. In contrast, the 

polyhedra of the minor phase in each composition (tetragonal phase for MgAl2O4 and cubic 

phase for NiAl2O4) change their volumes distinctly above the critical temperatures, as 

shown by the blue, green, and purple data points in Figure 4.6a, as well as the red and black 

data points in Figure 4.6b. 

This complex dependence of coordination polyhedra volume as a function of 

increasing temperature is not fully understood, but it indicates that the ionic radius of the 

occupying cation may not be the most important parameter to consider as suggested from 

the long-range structural view (Figure 4.5). For example, the volume of the 8a polyhedra 

in NiAl2O4 decreases as inversion increases (red data points in Figure 4.6b) when occupied 

by the larger Ni ion instead of the smaller Al ion; according to the previous model, the 

relative volume of this polyhedra should increase in size as the larger Ni atom moves into 

the 8a site. Rather than the ionic radius of the cation within the newly formed polyhedra, 
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the volume appears to be more dependent on the bond strength of the resulting atomic 

arrangement. The most simple, ad hoc calculation for bond strength can be obtained based 

on Pauling’s rules,73 the strength of the electrostatic valence bond is given by the cation’s 

charge divided by its coordination number. However, more recently it has been shown that 

the strength of a bond in a crystal structure is also related to its length,111, 112 with ions at 

shorter distance forming a stronger bond.113 In the spinel structure, the octahedra have 

higher coordination numbers and usually longer bond distances between oxygen and cation 

than the tetrahedra.114 This, combined with the aliovalency of the cations, results in a 

variety of bond strengths and complex consequences to their rigidity: the strongest bonds 

occur in Al3+ tetrahedra (bond strength of 0.75 e.s.u.) and the weakest bonds in the Mg2+ 

or Ni2+ octahedra (bond strength of 0.33 e.s.u.). During heating, the volume modifications 

of the 5 polyhedra are consistent with the less rigid octahedra expanding readily with 

increasing temperature, while the more rigid tetrahedra expand only sluggishly or even 

shrink as in the case of the Al3+ tetrahedra in both samples. Further research of combined 

experiments and modeling is needed to fully understand the complex behavior of 

coordination polyhedra volume associated with thermally induced disorder. The data 

provided by this study, however, show that long-range analysis is insufficient to capture 

the changes of individual polyhedra that occur with increasing temperature. 

Conclusions 

In situ neutron total scattering experiments were performed as a function of 

increasing temperature up to ~1000°C to characterize inversion and the associated atomic-

scale disordering processes in spinel during heating. Neutron diffraction results confirm 
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previously reported long-range structural behavior with ordered, “normal” MgAl2O4 (i ~ 

0.225) becoming more inverse above 600°C, while “inverse” NiAl2O4 (i ~ 0.875) shows 

reduced inversion above 800°C. Beyond these critical temperatures both the inversion 

parameter, i, and the anion parameter, a, exhibit a linear behavior as a function of 

increasing temperature, driving the structure towards a fully disordered, random state. 

Neutron pair distribution function (PDF) analysis reveals that inversion changes during 

heating are expressed in the atomic-scale structure by a distinct phase transformation 

process. Increasing inversion and disordering with temperature proceeds in MgAl2O4 by a 

transformation of an ordered cubic phase (𝐹𝑑3/𝑚) to a more disordered tetragonal phase 

(P4122). The reverse phase behavior is observed in NiAl2O4, for which inversion is reduced 

with increasing temperature. These findings are in excellent agreement with previously 

reported results on spinels disordered by changes in chemical composition. In both cases, 

the evolution of the inversion parameter (and anion parameter) over the long-range is 

expressed at the short-range by changes in the P4122 phase fraction. This can be understood 

by fundamental crystal chemistry rules, independent of whether the disordering process is 

intrinsic (change in chemical composition) or extrinsic (temperature exposure). Except for 

fully ordered, “normal” (i = 0) and “inverse” (i = 1.0) spinels, both cubic and tetragonal 

phases always coexist, and their relative abundance is a measure of disorder in the 

structure. This means that the local structure of a partially disordered spinel consists of five 

distinct coordination polyhedra instead of the two predicted by the conventional long-range 

view. These polyhedra change their volume upon heating with a complex dependence on 

thermal expansion, cation movement (inversion), and polyhedral rigidity. 
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Chapter 5 
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Characterization of Irradiated 

MgAl2O4 and NiAl2O4 Spinel 
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Abstract 

Oxides that adopt the spinel crystal structure (AB2O4) are used in a variety of 

industrial applications that depend on their resistance to structural degradation under 

extreme conditions. Previous studies have shown that the spinel structure is particularly 

resistant to amorphization, because the oxide can tolerate significant cation disorder 

without loss of crystallinity through inversion. In this study, we have utilized swift heavy 

ion irradiation to induced disorder across the cation sublattice of a Mg1-xNixAl2O4 spinel 

solid solution series. The large penetration depth of energetic ions produces sufficient 

powder for neutron total scattering, which allows for the investigation of both the average 

structure as well as the short range order with excellent resolution to all atomic constituents. 

After irradiation a significant increase in cation inversion (i>0.66) was measured at the 

long-range, which is accompanied by an increasing tetragonal local phase fraction. This 

anti-site disordering was accompanied by additional cation Frenkel defects in a normally 

vacant octahedral site. The additional disorder in the octahedrally coordinated cations 

appear to be a consequence of the sudden change in inversion when exposed to 2.2 GeV 

Au ions. 

Introduction 

Oxides with stoichiometry (AB2O4), belong to a family of materials that are 

isostructural with the mineral magnesium aluminate spinel (MgAl2O4). These ceramics 

have  desirable physical properties such as high melting temperature, high hardness, low 

density, enhanced chemical and structural durability, as well as efficient cation transport, 

which makes them attractive for many technologies related to catalysts115, protective 
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coatings10, battery cathodes116, and inert actinide transmutation matrix in advance nuclear 

reactors117. Material degradation under harsh environments is a critical concern in many of 

these applications, and characteristics of the spinel structure, in particular cation vacancies 

and related disorder, play an important role in the observed material response118. 

The AB2O4 spinel structure, a derivative of the rock salt structure, is described by 

the cubic 𝐹𝑑3/𝑚 space group18, 19. In this structure, the oxygen atoms occupy the 32e 

Wyckoff site, forming an almost ideal cubic closed-packed arrangement. This 

configuration yields 96 total interstices (64 tetrahedral and 32 octahedral) only 24 of which 

are normally occupied by cations. Eight cations occupy the “A-site” (8a) representing an 

eighth of the tetrahedral interstices and sixteen cations occupy the “B-site” (16d), half of 

the octahedral interstices. The other interstitial sites, normally not occupied in the structure, 

are the octahedral 16c and the tetrahedral 8b and 48f Wyckoff positions. The spinel 

structure can normally be described by three structural parameters: (1) the length of the 

cubic unit cell a, (2) the distortion of the oxygen away from an ideal cubic close-packed 

lattice u, (3) and the amount of cation anti-site defects in the structure, represented by the 

inversion parameter i, Eq 1. Inversion is the primary mechanism for disordering in the 

spinel structure and represents the fractional amount of B cations that are present in the A 

site 20.  

[𝐵#𝐴!"#]12[𝐴#/%𝐵!"#/%]%21𝑂' [1] 

Spinels are commonly categorized by the inversion parameter with compositions described 

as “normal” for i=0 or “inverse” for i=1, while a true random arrangement of cations occurs 

for i=2/3. 
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The inversion mechanism, often probed through long-range X-ray or neutron 

diffraction experiments, is conventionally considered as the exchange of tetrahedrally-

coordinated cations with octahedrally-coordinated cations (and vice versa). In early 

thermodynamic studies on MgAl2O4, however, a discrepancy was found between the 

residual entropy predicted from phase equilibrium experiments and experimental data from 

spectroscopic measurements, which was attributed to the ionic nature of the bonding and 

associated short range cation ordering in a partially inverted spinel structures26. Further 

details on the structure of this local ordering effect was later revealed by Raman 

spectroscopy on inverse NiAl2O4 and NiFe2O4 spinels with spectra that contained a higher 

number of active Raman modes than permitted by the 𝐹𝑑3/𝑚 space group, indicative of a 

lower symmetry space group17, 69. The lower symmetry structure tetragonal 𝑃4!22 was 

proposed based on DFT calculations as being the lowest energy configuration for inverse 

spinels70. The existence of a tetragonal 𝑃4!22 coordination polyhedra environment was 

experimentally confirmed through neutron total scattering71. Partially disordered spinels 

with some degree of inversion are characterized locally by a phase mixture of 𝐹𝑑3/𝑚 and 

𝑃4!22 with the phase fraction of the latter being directly tied to the level of long-range 

inversion, independently whether inversion was induced by intrinsic disordering71 or 

extrinsic 77disordering means. The existence of the tetragonal 𝑃4!22 coordination 

polyhedra environment in inverse spinels was explained by straightforward application of 

Pauling’s rules for ionic compounds, suggesting that the atomic arrangement in disordered 

materials is not represented by the observable long-range structure74. Given the distinct 
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charge and size of the atomic constituents, disorder cannot be random at the local scale and 

cation exchange is realized by the creation of new atomic sites. 

The ability for spinels to accommodate structural disorder without significant 

change in crystallinity or physical properties has made them attractive materials for 

application in nuclear environments119. For example, it was suggested that damage from 

neutron irradiation in MgAl2O4 results in point defect formation with vacancies and 

interstitials that efficiently recombine with negligible volumetric swelling50. The resilience 

of MgAl2O4 under neutron irradiation was explained by the ability for Mg and Al to occupy 

both the 8a and 16d sites without causing significant changes to the unit cell of the structure 

26. Under extremely intense neutron irradiation, the cations tend to become completely 

randomly arranged between the available sites (i~0.66), with measured ranges of i=0.59 to 

i=0.69 after neutron exposure to 53 and 249 displacements per atom (dpa), respectively51.  

The radiation response of spinel, however, is strongly temperature dependent with 

more pronounced structural changes at lower temperatures which can be attributed to 

reduced atom mobility, limiting vacancy interstitial recombination. Yu et al.52 

demonstrated for the first time that irradiation with low energy ions (400KeV Xe2+) at 100-

120K leads to the amorphization of spinel, MgAl2O4, following a transformation to a 

potential metastable phase. This result was confirmed during a second experiment on a 

stoichiometric and a non-stoichiometric spinel sample (400 KeV Xe2+ ions, MgAl2O4 and 

MgO 3Al2O4) by Devanathan et al.53. Changing the stoichiometry away from ideal AB2O4 

improved amorphization resistance, but the previously reported metastable phase still 

formed after irradiation54. This phase was later studied using transmission electron 
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microscopy by Ishimaru et al. 55 and determined to be a disordered rock salt structure (Fm-

3m), in which oxygen atoms relax to an ideal cubic close packed lattice, and the tetrahedral 

A-site cation migrates to the 16c octahedral vacant site. The resulting atomic arrangement 

is, therefore, isostructural with defect NaCl-type rock salt (Fm-3m) with both cations and 

vacancies, randomly occupying the 4a octahedral sites. Authors postulate that the rock salt 

transformation in spinels under irradiation is similar to degradation as seen in Lithium 

bearing battery spinel materials and spinel  after extreme cation movement after extensive 

cycling, in which they transform into disordered rock salt structures120. 

 Early studies on the radiation response of spinel-structured compounds have 

focused on irradiation with neutrons and low-energy (keV-MeV) ions, which lose their 

energy in a material predominantly through elastic nuclear interactions. This mechanism 

directly displaces atoms in a material creating dense cascades of interstitials and 

vacancies57. A significantly different regime is induced in materials by energetic heavy 

ions which deposit an exceptional amount of energy into the electronic subsystem of a solid 

over sub-picosecond timescales. This energy deposition causes electronic excitation and 

ionization processes, which creates an electron-hole plasma and modifies the potential 

energy landscape with structural relaxations that are otherwise inaccessible121. The energy 

is finally transferred to the atomic subsystem through electron-phonon coupling which 

triggers lattice heating and rapid quenching processes58 along the ion path, leading in many 

insulators to permanent structural modifications within cylindrical tracks of a few 

nanometers in diameter. Depending on the material, the track-damage morphology can be 
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characterized by point defects, distinct crystalline phases59, or crystalline-amorphous 

transformations60.  

The response of spinel to highly ionizing swift heavy ions appears to deviate 

significantly from radiation effects induced by displacive neutrons and low energy ions. 

Unit cell swelling was reported for single crystal MgAl2O4 exposed at room temperature 

to 72 MeV Iodine ions61, and at higher ion energies (350 Mev Au) amorphization with 

volumetric expansions of 35%, and metastable phase formation was revealed by TEM 

characterization 62. This metastable phase was identified as defective rock salt in agreement 

with previous low-temperature irradiations using low-energy ions63. The formation of a 

defective rock salt phase after room temperature swift heavy ion irradiation was 

controversially discussed in literature64, 65 as the occurrence of rock salt was only confirmed 

across the long-range structure based on x-ray diffraction measurements, while Raman 

spectroscopy revealed the persistence of the spinel structure across the short-range 66 under 

the same radiation conditions.  

This study presents a comprehensive structural investigation of a Mg(1-x)NixAl2O4 

series with various degree of pre-existing inversion exposed to swift heavy ion irradiation. 

The use of 1.64 GeV Au ions with a large penetration depth produces sufficient samples 

mass (~100 mg) for neutron total scattering experiments at the Spallation Neutron Source. 

The analysis of diffraction and pair distribution function data provides detailed insight into 

structural modifications across all spatial length scales. The results show that disordering 

in spinel induced under such highly non-equilibrium conditions is distinct from that 

obtained by more conventional disordering means (i.e., by chemical substitution or thermal 
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treatment). The relative radiation resistance increases in the Mg(1-x)NixAl2O4 series if Mg 

is replaced by Ni as evidenced by smaller structural modifications when comparing data 

before and after ion irradiation.  

Results 

Neutron total scattering structure functions (Figure 5.1) of the unirradiated Mg1-xNixAl2O4 

compounds confirm that all samples have the spinel structure with only minor NiO 

impurities (<0.02 wt %) in all Ni-bearing samples. A detailed discussion on the structural 

properties and chemical-induced disorder in this series can be found elsewhere 71. The 

overlay of pristine (black) and irradiated data (red) shows the effect of swift heavy ion 

irradiation across the long-range structure. The intensity of the diffraction peaks is altered 

by irradiation, and peaks with odd indices broaden slightly. For MgAl2O4 and 

Mg0.6Ni0.4Al2O4 the diffraction peaks shift after irradiation to larger Q values which 

indicates radiation-induced contraction to the unit cell parameter. For Mg0.4Ni0.6Al2O4 and 

NiAl2O4, the peak shift after irradiation is towards lower Q values associated with unit cell 

swelling. No peak extinction or appearance of new peaks, characteristic of phase 

transformations, is observed, and the spinel structure is fully retained after ion irradiation 

across the long range. No pronounced diffuse scattering of an amorphous phase is apparent 

in the diffraction data; however, a weak and broad diffuse band is observable around the 

most intense diffraction peak in all compositions. 
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Figure 5.1: Neutron total scattering structure functions of the spinel compositional series before (black) and 

after (red) swift heavy ion irradiation. Small diffraction peaks denoted with an asterisk are due to a minor 

NiO impurity phase (less than 0.02 w%). 
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To better quantify radiation-induced material modifications, Rietveld refinements 

were performed on the neutron diffraction data before and after irradiation as shown for 

the MgAl2O4 sample in Figure 5.2. The conventional 𝐹𝑑3/𝑚 spinel structural model was 

used (results are summarized in Table 5.1, which includes three important parameters for 

describing disorder in spinel: unit cell (a), oxygen displacement (u), and inversion (i). The 

refinement confirms that the diffraction patterns of all irradiated samples can be well 

modeled with the spinel structure. The unit cell parameter, which prior to irradiation 

exhibited a decreasing linear trend with increasing Ni content (Figure 5.3a), shows a 

complex behavior after irradiation, with MgAl2O4 exhibiting the largest difference to the 

unirradiated reference samples (Figure 5.3a). The unit cell of the two Mg-rich compounds 

contracts, while it expands for the two Ni-rich samples. The oxygen displacement 

parameter (Figure 5.3b) shows a linear decrease in the pristine samples with increasing Ni 

content, which is also the case after irradiation; however, the values are distinctly lower in 

the irradiated samples with a reduced slope and smaller changes in u before and after 

irradiation with increasing Ni content, most pronounced in the NiAl2O4 endmember. The 

magnitude of the oxygen displacement, u, is dependent on the radius of cation species 

occupying the tetrahedral and octahedral sites in spinel 20. When smaller cations occupy 

the tetrahedral site, the oxygen relaxes towards that cation reducing the u parameter. This 

effect is seen in the pristine sample where increasing nickel content increases inversion 

and, therefore, drives the smaller aluminum cation into this site. An additional reduction in 

u parameter after irradiation suggests radiation induced changes to the cation partitioning 

and inversion between sites in the structure. 
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Figure 5.2: Rietveld refinement results from neutron diffraction data on pristine (a) and irradiated (b) 

MgAl2O4 spinel. The blue circles represent collected data and the red line the refined structure. The green 

line is the difference curve between experiment and model as quantified by the goodness-of-fit parameter 

Rw. All spinel compositions were refined with the same	Fd3$m model and refined parameters are summarized 

in Table 5.1. 
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Table 5.1: Rietveld refinement results of neutron diffraction data for all pristine and irradiated spinel 

compositions. Refinement was solely based on the	Fd3$m cubic spinel structure with no filling of vacant 

cation sites permitted. Structural parameters obtained are unit cell (a), oxygen displacement (u), and 

inversion. 

Spinel Rietveld Refinement Results 

Composition a i u 𝑅! 

Pristine 

MgAl2O4 8.0892(1) 0.37(1) 0.26093(7) 8.83 

Mg0.6Ni0.4Al2O4 8.0774(2) 0.54(2) 0.2593(1) 9.29 

Mg0.4Ni0.6Al2O4 8.0699(1) 0.64(2) 0.2578(1) 10.81 

NiAl2O4 8.05707(1) 0.82(2) 0.2549(2) 8.27 

Irradiated 

MgAl2O4 8.0826(1) 0.91(5) 0.2558(1) 5.78 

6.21 

6.98 

8.57 

Mg0.6Ni0.4Al2O4 8.0757(2) 0.96(5) 0.2542(2) 

Mg0.4Ni0.6Al2O4 8.0714(2) 1.00(6) 0.2526(2) 

NiAl2O4 8.0586(3) 1.03(3) 0.2508(2) 
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Figure 5.3: Rietveld refinement results of the structure functions of all spinel samples before and after swift 

heavy ion irradiation with (a) unit cell parameter, a, of pristine (black) and irradiated (red), (b) oxygen 

displacement parameter, u, of pristine (black) and irradiated (blue) samples, and (c) inversion parameter i of 

pristine (black) and irradiated (green) samples. All lines are drawn to guide the eyes and error bars represent 

refinement uncertainties, which are in some cases smaller than the symbol. 
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The inversion parameter increases linearly in the pristine samples from ~0.4 for MgAl2O4 

to ~0.8 for NiAl2O4 71. Notably, the cation arrangement in the spinel samples does not trend 

towards a random distribution (i=0.667) after ion irradiation, but instead is driven to a 

complete inverse configuration (i~1.0 where most tetrahedral coordinated 8a sites occupied 

by Al) for all compounds as shown in figure 5.3c. Dramatic increases in inversion after 

irradiation have been previously reported for MgAl2O4 51, 122, with the highest previously 

reported value or (i = 0.77). These significant inversion values suggest the degree of order 

is higher compared with a more random cation arrangement.  

Previous literature has shown that inversion in spinel is represented locally by a 

phase transformation to a tetragonal 𝑃4!22 structure to capture the two unique octahedral 

sites and the more complex oxygen displacement required to accommodate the anti-site 

defect 71, 77. This information can be determined through analysis of the neutron PDFs 

collected simultaneously with the neutron diffraction data. The PDFs of the Mg1-xNixAl2O4 

spinel series are shown before and after ion irradiation in Figure 5.4. Before irradiation, 

the peaks present in the PDFs of all samples are well-characterized by the general motif of 

spinel structure. The first peak at ~ 2 Å encompasses two interatomic distances: the bonds 

between oxygen and the tetrahedrally- (slightly smaller than 2 Å) and octahedrally-

coordinated (slightly larger than 2 Å) cations. The second peak at ~2.85 Å represents the 

nearest neighbor oxygen-oxygen correlations (in a perfect ccp oxygen sublattice, this 

distance is 𝑎3/2√2 or ¼ of the face diagonal). 
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Figure 5.4: Neutron pair distribution functions for the spinel chemical series before (black) and after (red) 

swift heavy ion irradiation. 
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The third peak arises from four correlations: the tetrahedrally-coordinated cation (i) with 

other tetrahedrally-coordinated cations, (ii) with oxygen (2nd nearest neighbor) and (iii) 

with octahedrally-coordinated cations as well as (iv) octahedrally-coordinated cations with 

oxygen (2nd nearest neighbor). After irradiation, the relative intensities of the peaks in the 

PDFs for all compositions exhibit differences from the PDFs of the unirradiated samples, 

with the most notable features being the relation between the two peaks at ~2.7 (peak 2 

above) and ~3.5 Å (peak 3 above) and the three-peak feature at 13 Å. For the PDFs of the 

more Mg-rich samples, in particular, the first pair correlation at ~2 Å (peak 1 above) is 

broader after irradiation.  

To model these systematic changes to the pair correlations, the pair distribution 

functions were fit using PDFGUI to extract information on changes to the local atomic 

ordering, shown in Figure 5.5. A two phase model which includes a “normal” cubic 𝐹𝑑3/𝑚 

phase and a “inverse” tetragonal 𝑃4!22 phase was used, and the results are summarized in 

Table 5.2. The small box modelling results are in agreement with the Rietveld refinement 

of the long range structure. The changes seen in the experimental PDFs after ion irradiation 

are accurately modeled with a tetragonal 𝑃4!22 phase, which is expected for highly 

inverted spinels, as shown for the NiAl2O4 sample in Figure 5.5; however, some deviations 

between the collected data and the refined structure are apparent after swift heavy ion 

irradiation which leads to a worse goodness of fit parameter. These differences are most 

prominent in the region of 8-11 Å where the modelled peak intensity is incorrect for the 

peaks at 8.45, 8.65, and 9.21 Å. 
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Figure 5.5: Fitted pair distribution functions on the pristine (left) and irradiated (right) NiAl2O4 spinel sample, 

using a two phase model. The blue circles represent collected pristine data, the black circle the irradiated, 

and the red line is the refined structure. The green curve represents the difference between the observed and 

calculated pdfs. 
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Table 5.2: Small box modeling results of neutron PDF analysis for all pristine and irradiated spinel 

compositions. Refinement was based on a two phase model with a “normal”	Fd3$m cubic spinel structure and 

a “inverse” P4&22 tetragonal structure with no filling of vacant cation sites permitted. Structural parameters 

obtained are unit cell (a) and the phase fraction of the tetragonal phase. 

 Pristine Irradiated 

 a Phase 

Fraction 

Rw a Phase 

Fraction 

Rw 

MgAl2O4 8.089 (0.018) 0.39 (0.15) 5.28 8.0801 (0.02) 0.91 (0.5) 8.57 

Mg0.6Ni0.4Al2O4 8.079 (0.0023) 0.52 (0.063) 9.26 8.081 (0.0027) 1.00 (0.0031) 8.66 

Mg0.4Ni0.6Al2O4 8.073 (0.0021) 0.63 (0.062) 7.4 8.081 (0.0027) 1.01 (0.01) 10.27 

NiAl2O4 8.064 (0.0022) 0.86 (0.027) 7.89 8.0702 (0.003) 1.02 (0.02) 12.08 
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In order to gain more insight into any deviations in the “inverse” tetragonal local 

arrangement in irradiated spinels, more detailed PDF refinements were done on the series 

end members (MgAl2O4 and NiAl2O4). Although disorder in the spinel structure is primary 

accommodated through inversion, cation anti-site defects, in extreme disordering processes 

cation Frenkel defects may potentially form in which a cation is trapped at the otherwise 

vacant octahedral site. For the tetragonal local structure this cation in the vacant site must 

originate from one of three distinct starting positions: (1) the octahedrally coordinated 

Mg/Ni cation (2) the tetrahedrally coordinated Al cation (3) the octahedrally coordinated 

Al cation. These three potential cation exchange pathways are shown in Figure 5.6. As has 

been previously shown for unirradiated spinel oxides74, one of these three defect structures 

is likely preferred as a result of the strong ionic bonding in these materials. To identify 

which of these local arrangements is favored in the irradiated spinel oxides, three PDF 

refinements were done each a distinct defective tetragonal phase that would result from on 

the of the three possible cation exchanges to account for the local displacement about the 

cation anti-Frenkel defect. All three models generally reproduce the data well and the 

differences in the quality between these fits are too subtle to determine simply from the Rw 

values of the small-box refinement.  

To more effectively examine the differences between these structural models, a 

correlated difference approach was taken (Figure 5.7). This method evaluates not only the 

difference between the refined and measured structures but also how significant those 

differences are over certain regions of real space 123. 
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Figure 5.6: Diagram of the possible cation exchanges with the vacant octahedral site in the disordered 

tetragonal structure. Atomic structures generated using the VESTA software package 124. 
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Figure 5.7: Fitted pair distribution functions of irradiated MgAl2O4 (top) and NiAl2O4 (bottom) using 

different disordered tetragonal models, outlined in diagram 8. Black circles represented the collected data 

from the respective irradiated samples. The colored line is the model fit. The green curve in the lower panel 

represents the correlated difference and the blue dashed line is the threshold for structural difference, which 

is determined from the uncertainty in the collected data. Regions where the corelated difference exceeds the 

threshold are highlighted in red 
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The advantage of using a correlated reliability factor (Gs), shown in green under the PDF, 

instead of the conventional R-factor for the PDF analysis is that the R-factor is based on 

the presupposition of uncorrelated errors, whereas Gs accounts for systematic correlations 

within the difference curve, distinguishing between insignificant differences caused by 

statistical artefacts and significant differences caused by mismatches between the 

experimental data and the models. In Figure 5.7, the regions highlighted in red show areas 

of the pattern where differences between the model and experimental data are correlated 

and statistically significant.  

For the “inverse” tetragonal models with no Frenkel defects, previously noted 

significant difference between the fit and the collected data for MgAl2O4 and NiAl2O4 

between the regions of 8 and 11 Å are highlighted as well as more subtle differences at 

5.76 Å and 2.41 Å. These model mismatches are alleviated by refining with a disordered 

tetragonal structure that allows either cation exchange 1 or cation exchange 2 as diagramed 

in Figure 5.6. A disordered structure with cation exchange 3, where the Aluminum in the 

octahedral site can move to the vacant position, produces no significant improvement and 

is a worse fit than the model with no Frenkel defects for NiAl2O4. The differences between 

the disordered models that allow for cation exchange one or cation exchange two are less 

stark. For both MgAl2O4 and NiAl2O4, cation exchange 1 produces a fit that has a lower 

corelated difference, Gs, to the collected data. The most accurate representation of the local 

structure of collected data for the irradiated spinels, therefore, is a highly inverted 𝑃4!22 

tetragonal structure with some additional disorder which is best described by cation Frenkel 

defects between the 4a Mg/Ni cation and the otherwise vacant octahedral site, which has a 



 

 
 

81 

refined fractional atomic occupancy of 20% Mg and 26% Ni cations in the chemical series 

endmembers. The Al cations in the disordered structure remain in their respective 4b and 

4c sites. 

To investigate the possibility of radiation-induced cation Frenkel defects effecting 

the long range refinement, the diffraction data were refined with a structural model that 

allowed for cation movement into the vacant 16c site. Since additional cation exchange 

among 8a and 16d sites is permitted as well, site occupancies can no longer be obtained 

with respect to cation species due to parameter constraints, and only the average cation 

neutron scattering length at each site determined. Rietveld refinements with an improved 

goodness of fit were obtained across all irradiated compounds by including cation Frenkel 

defects and partial filling of the cation vacancy. These results are unique to disordering 

mechanisms with highly transient regimes and is distinct from chemical-induced 71 or 

thermal-induced disorder77, which is only characterized by cation antisites and increased 

inversion with no model improvement from the addition of cation Frankel defects. The 

measured neutron scattering length from the vacant site in the spinel chemical solution 

series is shown in Figure 5.8. With increasing Nickel content, the scattering length at the 

vacant site increases, which implies either that more cation Frenkel defects are produced 

(vacant site occupancy increases); or Mg and Al at this site is more and more replaced by 

Ni (largest scattering length among all three cations). It is likely that the increased 

scattering length across the chemical series is from a preference for Ni in the vacant site as 

the Ni containing samples showed little change after irradiation, which suggests that the 

number of Frenkel defects is not increasing with Ni content.  
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Figure 5.8: Refined average neutron scattering length of the fractional occupant of the normally vacant 16c 

site after irradiation from neutron diffraction data. The area shaded in blue represents the region of possible 

occupancy calculated from scattering lengths of all three cations (Al, Mg, and Ni) according to possible 

distributions (lower bound filled with Mg/Ni and upper bound filled with Al). All error bars represent the 

uncertainties from the Rietveld refinements. 
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Given the scattering lengths of each cation, the maximum and minimum occupancies of 

the 16c site were determined for different scenarios (blue shaded region). If predominantly 

the large scatterer Ni/Mg move into this site, an average occupancy of about ~20% can be 

expected across the series, which agrees with the local defective structure determined 

through small box modelling. 

Additional disordering from cation Frenkel defects is also reflected in the oxygen 

parameter, u, which normally is solely dependent on the inversion parameter20. Previously 

literature on annealing swift heavy ion irradiated spinel (MgAl2O4, MgCr2O4) has noted an 

additional lower temperature recovery step of the oxygen displacement parameter that is 

not related to inversion 125. The measured oxygen displacement of the spinel chemical 

solution series before and after irradiation and a comparison to the derived relationship 

with from literature is shown in Figure 5.9. In the pristine sample, the oxygen displacement 

is slightly higher than reported literature values but the trend with changing inversion is 

consistent with literature. After swift heavy ion irradiation, the oxygen parameter decreases 

from the measured value before irradiation and deviates from the expected trend with 

literature. The measured oxygen parameter is larger than would be expected for the cation 

arrangement post irradiation. This is consistent with additional octahedral cation Frenkel 

defects as the oxygen atom will relax towards the empty octahedral site and away from the 

ideal cubic close packed position. 
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Figure 5.9: Measured anion displacement parameter from Rietveld refinement of neutron diffraction data 

before and after irradiation. The black circles and the blue dashed line are the data and derived structural 

relationship between the anion displacement parameter and the measured cation arrangement from Sickafus 

et. al20. 
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Discussion 

Exposure to 2.2 GeV Au ions modified the unit cell, atomic positions, and cation 

partitioning in Mg1-xNixAl2O4 with no evidence of amorphization. For spinel oxides 

disordered through high-temperature77 or neutron irradiation51, cations generally tend 

toward a random arrangement (i = 2/3) of magnesium, nickel, and aluminum distributed 

among the two available sites (8a tetrahedra and 16d octahedra). For “normal” spinels (i = 

0), this corresponds to an increase in the inversion parameter and for “inverse” spinels (i = 

1), a decrease. In contrast, the results from Rietveld refinement and pair distribution 

analysis of our data show that the spinels irradiated with 6×1012 swift heavy Au ions/cm2 

are all highly inverted (0.667 < i < 1). Additionally, both analysis techniques reveal filling 

of the nominally vacant octahedral 16c site. These two results, high levels of inversion and 

the presence of cation Frenkel defects isolated to the octahedrally-coordinated sites and not 

the tetrahedrally-coordinated sites, are significant deviations from previously reported 

literature on ion-irradiated spinel oxides. 

The energy of ion used for irradiation studies has a significant influence on the 

volume of ion-matter interaction and the energy density radial profile induced therein. 

Previous studies on swift heavy ion irradiation effects in spinel used ions in an energy range 

of 70 MeV - 765 MeV 62, 66, 126, 127 and generally revealed either an increase in disorder 

through increasing inversion or a phase transition to a disordered rock salt structure after 

irradiation. The different reported irradiation effects are the result of the ex situ technique 

used to measure the structure. Average structure analysis through x-ray diffraction or 

electron diffraction report a phase transition to a disordered rock salt structure after 
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irradiation, whereas, local structural probes like Raman spectroscopy are shown to measure 

a disordered spinel structure after irradiation. These discrepancies have been cited in 

literature as the result of the similar scattering intensity of Magnesium and Aluminum and 

anti-phase boundaries effecting the results of the diffraction techniques 66. These 

boundaries are formed between the ion tracks and cause the broadening and eventual 

extinction of the spinel peaks in samples where the anti-phase boundary density is high. 

In the present work, neutron total scattering experiments with excellent cation 

scattering contrast and oxygen sensitivity provided unprecedented access into the irradiated 

structure of spinel oxides across multiple structural length scales. This atomic sensitivity 

is critical in analyzing cation distributions, which strongly affects diffraction peak 

intensities, and polyhedral geometries, which results in changes to the PDF peak intensities 

and shape. To generate sufficient sample mass for neutron total scattering (~100 mg) 

requires the use of extremely energetic 2.2 GeV ions which fully penetrate tens of microns 

of material. These irradiation conditions result in large, nanometric tracks, though with less 

intense energy densities than would be induced for lower energy ion irradiations128 as the 

higher energy secondary 'delta' electrons travel much further. In our sample, this results in 

much larger spinel domains and a decrease in anti-phase boundary density, prohibiting the 

apparent transition into rock salt normally seen in diffraction experiments on irradiated 

spinel. During the previously reported rock salt transformation, the peaks not associated 

with the rock salt structure are significantly depressed and the overall position and width 

of the rock salt superstructure peaks do not change66. The measurement of atoms at the 16c 
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vacant site in these experiments is reported a result of measurements across the phase 

boundary and are not actually occupied by a cation.  

To confirm if our results of significant changes to inversion and additional cation 

Frenkel defects are independent of this phenomena, Williamson-Hall analysis was 

performed before and after irradiation to compare the size broadening of the peaks 

associated with the rock salt structure, which are maintained across phase boundaries, and 

the spinel peaks that are diminished by these effects. The spinel reflections are odd indexed, 

h + k + l = 2n +1, and the rock salt reflections are even indexed, h + k + l = 2n. The 

measured the full width half maxes of the even and odd peaks before and after irradiation 

are shown in Figure 5.10. Before irradiation the even and odd reflections have similar size 

and strain broadening, which results in an identical peak broadening relationship with peak 

position for both sets. Post irradiation, the slope of both the even and odd reflections 

increases from increasing microstrain broadening. Additionally, the odd reflections are 

shifted upward and are separate from the even reflections from a decrease in the coherent 

spinel domain size. From the linear fit, the spinel structure has a coherent domain size of 

70nm. This size is large compared to previous irradiations; for instance, Yasuda et al. 

reported disordered spinel domain of 10 nm with a highly disordered core region of 2 nm 

after an irradiation with 350 MeV Au ions. The size of the spinel domains in our sample is 

large enough to ensure that the results from pair distribution analysis are not significantly 

influence by anti-phase boundary effects; therefore, the high levels of measured inversion 

and cation Frenkel defects are present locally in our irradiated spinel samples. 
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Figure 5.10: Williamson-Hall analysis of even and odd reflections in MgAl2O4 before (blue and black) and 

after (red and green) swift heavy ion irradiation. The dashed lines are linear fits to the collected data. 
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To understand the defect structures created in Mg1-xNixAl2O4 by 2.2 GeV Au 

irradiation, it is important to consider that these atomic configurations are not directly 

created by the ion, itself, but form as the result of rapid quenching through nonequilibrium 

pathways. Such GeV heavy ions deposit exceptional amounts of kinetic energy to the 

electronic substructure within a few femtoseconds. Here, the spinel samples undergo dense 

electronic excitations and ionizations which can, in some cases, induce local melting 

immediately after the energy imparted into the hot electrons couple to the phonons in the 

lattice. The phases studied in this paper represent the atomic configurations quenched and 

recovered through structural transition pathways otherwise inaccessible. It is, therefore, 

necessary to instead think about how the process from the amorphous structure to spinel 

proceeds and what interrupted that process to create the measured quenched structure. 

The complete description of the unirradiated spinel structure contains 5 distinct 

polyhedral configurations: “normal” 8a Mg/Ni tetrahedra, “normal” 16d Al octahedra, 4b 

“inverse” Al tetrahedra, 4a “inverse” Ni/Mg octahedra, 4c “inverse” Al octahedra 77 .The 

stability of these polydedra is correlated with the strength of the bonds that form them, 

which is related to the length of the bonds in the structure111,112. Using the Shannon radii 

for the cations (Mg,Ni,Al) in tetrahedral and octahedral coordination 29, the tightest bonded 

polyhedral in the spinel structure is the “inverse” 4b Al tetrahedra. The fraction of this Al 

tetrahedra, which is not present in the defective rocksalt structure, appears to increase 

significantly after irradiation from the increase in inversion seen in both the short-range 

and long-range refinements. This could be the result of preferred formation of this tightly 

bound polyhedra during the initial stages of the recovery from the hot amorphous structure. 
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The initial formation of individual polyhedral after amorphization through swift heavy ion 

irradiation is seen in other complex oxides, the resulting local structure still contain atoms 

bonded into polyhedra, but often these polyhedra are unable to connect in a repeating 

pattern, leading to a quenched amorphous structure. In the case of these spinel 

compositions, the quenching process could proceed with first the formation of the Al 

tetrahedrals, which are interlink together to from the cubic close pack anion lattice then the 

remaining cations position themselves in octahedral sites to approximately maintain local 

charge balances. The recovery proceeding in a manner similar to this would explain the 

very high levels of inversion measured after swift heavy ion irradiation as opposed to a 

random arrangement of cations. 

An implication of aluminum preference for tetrahedra is the prevention of the 

material from adopting the rocksalt structure locally after irradiation. The presence of the 

spinel structure locally after swift heavy ion irradiation would be consistent with literature. 

In previous irradiation studies the local spinel phase was confirmed with Raman 

spectroscopy66 and TEM images of the spinel structure inside of ion tracks, where the rock 

salt structure would have been most likely to be found, were also produced which suggested 

additional disordering of octahedral coordinated cations62.  

 The formation of cation Frenkel defects may also be a result of the inversion 

process itself. During the rapid quenching after swift heavy ion irradiation cations in the 

process of swapping sites may be frozen in the 16c octahedra before completing the 

inversion process. The local structure found after irradiation where the Ni/Mg cation is 

moved from its normal octahedral position to the 16c site equivalent in the P4122 



 

 
 

91 

tetrahedral structure is consistent with the lowest energy inversion process determined 

through kinetic Monte Carlo computer simulations on inverse NiFe2O4 129. The authors 

determined that the inversion process is triggered by the movement of the B site cation into 

the 16c site in a face sharing position with the 8a tetrahedral A site cation. From this high 

energy position, the two cations swap positions and the A site cation then migrates from 

the 16c site to the 16d site. Therefore, the most common cation pair to be occupying the 

16c and 8a sites in our case is the observed Mg/Ni and Al cation instead of a random 

distribution where there is a 50% chance the pair is Al and Al, suggesting that the occupant 

of the octahedral sites is not random. 

From the results of the chemical series, it appears the introduction of an atom that 

forms strong ionic bonds suppresses the structural disorder and phase transformations that 

arise in applications that involve extreme cation movement. The increased presence of Al 

tetrahedra after irradiation suggests that their inclusion in the starting structure through 

inversion may prevent large changes to the structure from swift heavy ion exposure. The 

mechanism for the inversion levels remaining above a random distribution 𝑖 = 0.66 and 

the formation of Frenkel defects in the quenched sample is still not well understood; 

however, it is likely that at the high ion energies used in this study that these results are a 

frozen defect structure during the back transformation of a highly inverted spinel formed 

during irradiation to a normal configuration.  
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Conclusions 

A solid solution series of spinel oxides (Mg1-xNixAl2O4) was exposed to highly 

ionizing radiation (2.2 GeV Au ions) and characterized by neutron total scattering 

experiments with high cation contrast and sensitivity to oxygen. The collected data, neutron 

diffraction patterns and pair distribution functions, were analyzed to determine both the 

average structure after irradiation and the local atomic arrangements through small-box 

refinement. The diffraction data indicate that these spinel structures exhibit resistance to 

amorphization but exhibit a decrease in measured peak intensity and an increase in 

broadening. From Rietveld refinement of the neutron diffraction patterns, the refined 

structure showed a significant increase in inversion not normally seen in heavily disordered 

spinel samples, which normally trend towards a random cation arrangement after 

irradiation. These changes in the spinel structure after irradiation were also observed in a 

similar refinement of the local cation arrangements using neutron pair distribution function 

analysis. In both refinement methods an improvement in the fit quality was attained 

through introducing additional cation Frenkel defects through the occupation of an 

ordinarily vacant octahedral site in the spinel structure. 

 From the short range modeling, local defect structure includes additional 

octahedral disorder with between the normally vacant site and Mg/Ni octahedral in 

“inverse” spinel. The origin for this defective structure may be from the preferred 

formation of the Al tetrahedra during the irradiation process and the filling of the normally 

vacant site is a consequence of quenching the inversion process itself as the material 

attempts to transition back into a “normal” structure. The introduction of a Ni dopant into 
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the MgAl2O4 spinel structure, which increase the starting inversion of the sample, appears 

to increase the structural resistance of the oxide to swift heavy ion irradiation, although it 

is unclear whether this is the result of increasing starting inversion itself or a chemical 

effect from the dopant. 
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Chapter 6 

 

Neutron Total Scattering Study of 

Defect Fluorite at High Pressure 
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Abstract 

High pressure structural transformations can cause significant, favorable changes 

to the physical, electronic, and magnetic properties of materials. Understanding these 

modifications will be critical for designing next generation materials, however, complete 

structural characterization at high pressure is challenging, especially on lighter elements. 

Neutron total scattering is a powerful tool for simultaneously analyzing both the long range 

average structure and the distinct local atomic arrangements, which are responsible for 

property changes. Despite this, neutron total scattering experiments at pressure have 

remained rare due to the increased complexity compared to measurements at other extreme 

conditions. The SNAP instrument at the Spallation Neutron Source at Oak Ridge National 

Laboratory is an ideal candidate for high pressure neutron total scattering as it boasts the 

most intense neutron flux among beamlines specialized for high pressure work. The 

methodology for performing such an experiment using this beamline requires few 

modifications to a normal diffraction experiment. High quality data can be acquired in as 

rapidly as 60 minutes and the data quality results in a transformed pair distribution function 

with a real space resolution of 0.17	𝑡𝑜	0.22	Å depending on the sample composition and 

pressure. 

Introduction 

 Materials exposed to extreme pressure display unique physical and electronic 

properties that result from the complex structural distortions, disorder, and phase 

transformations that are induced. Notable high pressure transitions have resulted in, super 

hard materials130, electronic super conductors131, and high energy density materials 132. 
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These resulting property changes have increased interest in fabricating next generation 

materials with similar structural modifications using high pressure synthesis routes 133 or 

through exposure to other extreme conditions. Understanding the underlying structural 

changes responsible for these unique properties at high pressure, is crucial for developing 

these methods. Structural characterization in situ at high pressure, however, is limited and 

modifications are often difficult to measure with standard x-ray diffraction techniques as 

they are insensitive to low Z elements, which are often critical to these transformations. 

Furthermore, if the structural distortions do not appear in the average long range structure 

few techniques are available for accurately determining local atomic and mesoscale 

arrangements. Currently, structural characterization across multiple length scales is 

commonly achieved at high pressure through a combination of synchrotron x-ray scattering 

techniques 134, 135, and Raman136 or infrared137 spectroscopy. Neutron total scattering, a 

technique that captures structural information simultaneously across all length scale with 

an increased sensitivity to low Z elements, can potentially provide valuable insight on the 

structure of materials at extreme pressure. 

 Neutron total scattering reveals both the long-range repeating structure of a 

materials and the local cation arrangements. This is possible through accurately measuring 

both the Bragg and diffuse scattering contributions from a sample. Once obtained this 

pattern can be Fourier transformed into real space as a Pair Distribution Function (PDF), a 

histographic representation of the interatomic spacing within a sample. Pair distribution 

functions can be used to model both the short range structure through small box modeling 

and the mesoscale structure through coupling with the long range Bragg diffraction through 
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large box modelling. A successful Neutron total scattering experiment, however, requires 

a high neutron flux, wide detector coverage, and extensive background measurements. 

These measurements at ambient conditions or at temperature extremes have become 

increasingly accessible at user facilities and have led to significant breakthroughs in 

materials science. For example, a leading instrument in this regard is NOMAD at the 

Spallation Neutron Source at Oak Ridge National Laboratory84. This instrument has 

enabled significant scientific contributions to the structure of light atom species on 

nanomaterials138, 139, materials quenched from extreme conditions such as swift heavy ion 

irradiation140 and high pressure141, as well as, structural-property relationships in 

catalysts142 and battery materials143.  

Performing similar measurements in situ at high pressure inside a Paris Edinburg 

(PE) cell 144 was initially demonstrated by Klotz et al. in 2002145 on amorphous water ice. 

Experimental methodologies for high pressure total scattering experiments have been 

previously formalized for experiments on PEARL146 at ISIS and on D4C147 at Institut Laue-

Langevin and these instruments have been successfully used to characterize many glassy 

materials148 and more recently demonstrated for crystalline materials 149. Published 

works150-159, however, have remained rare compared to other total scattering techniques 

due to the increased complexity of these experiments that are unique to high pressure. 

These challenges are a result of the methods through which extreme pressure is applied to 

a sample, which can cause significant changes to the sample as it is crushed. 

Neutron diffraction experiments at high pressure are most commonly performed 

using a PE Cell to apply pressure. Inside the PE cell the sample is contained inside a metal 
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gasket, often made from the null scattering alloy Ti68Zr32 (referred to as TiZr), and pressure 

is applied through two anvils which compress the sample inside the gasket under heavy 

loads. For high pressures, the anvils may move as much as a millimeter during compression 

which results in changes the solid angles between the detectors and the incoming neutron 

beam and deforms the sample and gasket as volume decreases under load. The gasket 

deformation is significant and can increase the outer diameter from an initial 14.5 mm to 

16.5 mm under heavy loads (~90 tons), increasing the neutron path length through TiZr by 

as much as 4mm. These changes to the geometry and sample holder require a unique 

background measurement to be acquired for every pressure step that a sample is measured 

at. Furthermore, the required amount of compression to reach a given pressure is dependent 

on the mechanical properties unique to the sample and gasket; therefore, it is not possible 

to measure the background independent of a sample as is common in ambient conditions. 

Previously reported experimental methods for total scattering at high pressure solve this 

issue in one of two ways (1) linear interpolation of a new empty gasket and multiple 

compressed gaskets quenched from pressure emptied of their original sample 147 (2) 

measurement of a strong incoherent scatterer, Vanadium, in a gasket in situ at a load that 

results in the same anvil separation as the sample measurement146.  

 We have investigated performing similar experiments on SNAP at the Spallation 

Neutron Source at Oak Ridge National Laboratory. The SNAP beam line has the most 

intense neutron flux amongst instruments that specialize in high pressure work. 

Additionally, Spallation neutron sources provide a significantly higher flux of neutrons at 

high energy, which is crucial for resolving features at high Q. The in-plane scattering 
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geometry of the SNAP instrument also enables accurate measurements at low Q ranges (Q 

< 1.5 Å"!) that aren’t possible to measure on instruments with a transverse beam path. The 

open nature of the sample stage of the instrument also allows for the potential of measuring 

the anvil separation inside the PE press to aid in reproducing the same instrument geometry 

and gasket deformation for the background measurements at pressure. 

In order to benchmark the potential of the SNAP beamline for acquiring meaningful 

pair distribution functions of crystalline materials, an oxide system with structural 

heterogeneity across length scales was chosen to highlight the distinct local phase captured 

by pair distribution function analysis from the average structure determined through long 

range diffraction. Y2Zr2O7 was chosen due to its strong neutron scattering and low 

absorption. The average structure of this material is defect fluorite, a rock salt derivative 

in the 𝐹𝑚3/𝑚 space group. The Yttrium and Zirconium cations both occupy the 4a site with 

an average coordination number of 7 and the Oxygen anion fills 7/8ths of the 8c site in the 

space group. Previous studies on defect fluorite, however, have reported that the short-

range structure is more ordered than what is suggested by the long range data, with 

additional peaks present in Raman160, 161 and x-ray absorption data162. This local ordering 

was determined through neutron total scattering to be best represented by a local 

orthorhombic Weberite-type (𝐶222!) phase 140. In the Weberite-like structure, cations are 

split among three distinct sublattices. Two of these layers are ordered, with different 

repeating motifs of trivalent cations in 8 coordinated 4b sites and tetravalent cations in 6 

coordinated 4b sites. These two distinct layers are connected through a layer filled with 
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mixed 7 coordinated 8c sites. The anions are distributed amongst three sets of 4c sites with 

a constitutional vacancy on a fourth and 2 sets of 8c sites. 

To capture the complete structure of defect fluorite, therefore, a structural probe 

must be able to measure not only the long-range average structure, but also the unique local 

cation arrangements that appear locally. While this capability on NOMAD has been used 

to study this structure in detail, it is possible to accomplish the same task using the 

collimated 750 micron beam at SNAP, which would unlock both potential high-pressure 

experiments on heterogenous crystal structures and allow for significantly smaller sample 

masses to be required for neutron total scattering experiments. 

Methods 

Neutron Total Scattering Methodology 

NOMAD 

 To provide a reference for the data produced at SNAP, an ideal experimental PDF 

of Y2Zr2O7 was measured using the NOMAD instrument 84. Polycrystalline Y2Zr2O7 

powder was loaded into 3mm quartz capillaries (0.1mm wall thickness) to a height of at 

least 1.5 cm. The loaded capillary was measured on NOMAD as a part of its mail in 

program and was exposed for 45 minutes (4.5 C) at 100K. The data was reduced using the 

AutoNOM program, which is an automated data reduction suite that increases user 

throughput. The automated nature requires the program to be agnostic of chemistry, 

density, and volume of the sample, which produces PDFs that are not on absolute scale and 

must therefore be numerically scaled to an S(Q). 
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 These simplified PDFs, however, can be produced from total scattering patterns 

that require only measurements of (1) the sample [𝐼-456+*(𝑄)] , (2) the sample 

holder/instrument [𝐼78+,*9(𝑄)], (3) an ideal incoherent scatterer [𝐼1:(𝑄)], Eq 1a, which can 

then be scaled to and S(Q), Eq 1b, using the quantity, <b> (the average neutron scattering 

length of the sample).  

𝐼(𝑄) = 	
𝐼-456+*(𝑄) − 𝐼78+,*9(𝑄)

𝐼1:(𝑄)
 

Eq[1a] 

𝑆(𝑄) =
𝐼(𝑄)+< 𝑏 >% −< 𝑏% >

< 𝑏 >%  
Eq[1b] 

 

A primarily incoherent neutron scatterer, [𝐼1:(𝑄)], is used to normalize the data by the 

number of produced neutrons at each energy. After spallation, the neutrons are moderated 

by decoupled, poisoned, supercritical hydrogen, which is necessary to produce neutrons 

with a wide range of energies. The neutron energy spectrum is unique to the instrument 

and sample position. Measurement of an incoherent scatterer, such as Vanadium, produces 

an energy profile of the neutron source. On NOMAD 𝐼1:(𝑄), is determined using a 

Vanadium rod, which is positioned in the same location as the sample and doped with Nb 

to remove any remaining coherent scattering signal. The contributions of the Quartz sample 

holder and features of the instrument are removed from the sample measurement 

[𝐼-456+*(𝑄)] by measuring an empty 3mm quartz capillary also positioned in the same 

location as the sample. Reproducing the exact measurement position is crucial as any 

changes will cause artifacts in the transformed PDF. 

SNAP 
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 Y2Zr2O7 powder was measured on SNAP in a Paris Edinburgh cell with single 

toroidal, cubic Boron Nitride anvils at ambient conditions and at high pressure inside a 

fully encapsulated TiZr gasket, chosen for its null scattering properties. For all 

measurements, the west and east detector banks were positioned at 50° and 105° 

respectively. The chopper was set to 1.8 Å and the neutron beam was collimated with a 750 

micron slit mounted on the lower anvil. For experiments at ambient conditions, the number 

of required measurements is consistent with a NOMAD experiment with a TiZr sample 

holder. 𝐼-456+*(𝑄) is the Y2Zr2O7 in a TiZr Gasket and 𝐼78+,*9(𝑄) is an empty TiZr Gasket 

measured in the PE Cell. 𝐼1:(𝑄) was determined through measuring Vanadium powder in 

a TiZr gasket. This setup requires an additional step of subtracting the empty TiZr gasket 

measurement [𝐼1:(𝑄) = 	 𝐼24;4,#<5	=8>,*9?5@#*;A (𝑄) − 𝐼B#C9	D4-E*A?5@#*;A (𝑄)], but ensures the 

Vanadium is in the same location as the sample. Powder was chosen over solid vanadium 

to simplify gasket loadings and requires additional data processing to remove the small 

coherent peaks. All ambient measurements were performed with an oil pressure of 50 bar 

to securely close the PE cell without significantly increasing pressure. 

High pressure total scattering on SNAP, however, requires additional 

measurements as shown in Eq 2. 

𝐼(𝑄) = 	
𝐼-456+*F= (𝑄) − 1'"%"($)!	+,-(./

0+	12"3$%4 (.)
1'"%"($)!	+,-(./
5!6$.%7 (.)

∗ 	 𝐼B#C9	D4-E*A?5@#*;A (𝑄)

𝐼24;4,#<5	=8>,*9?5@#*;A (𝑄) − 𝐼B#C9	D4-E*A?5@#*;A (𝑄)
 

[Eq 2] 

The incoherent scatterer term 𝐼1:(𝑄) is the same as measurements at ambient conditions. 

The significant complication is 𝐼78+,*9(𝑄) at high pressure. 𝐼78+,*9F= (𝑄) cannot be directly 

measured as applying load to an empty gasket will cause significantly different gasket 



 

 
 

103 

deformation than high pressure sample, 𝐼-456+*F= (𝑄), as TiZr will deform into the internal 

empty sample chamber. The high pressure empty is approximated using measurements of 

Vanadium powder in a TiZr gasket. If the Vanadium powder is measured at the same 

compression as the sample, 𝐼24;4,#<5	=8>,*9
F=	:640#;I , the contributions of the gasket and features 

of the instrument in 𝐼-456+*F= (𝑄) can be approximated by 8'"%"($)!	+,-(./
0+	12"3$%4 (:)

8'"%"($)!	+,-(./
5!6$.%7 (:)

∗

	𝐼B#C9	D4-E*A?5@#*;A (𝑄). Dividing 𝐼24;4,#<5	=8>,*9
F=	:640#;I  by the ambient measurement 

𝐼24;4,#<5	=8>,*9?5@#*;A (𝑄) removes the Vanadium incoherent scattering contribution and 

multiplying by 𝐼B#C9	D4-E*A?5@#*;A (𝑄) removes the ambient TiZr gasket contribution in 

𝐼24;4,#<5	=8>,*9?5@#*;A (𝑄). The same 𝐼78+,*9F= (𝑄) pattern could also be obtained by dividing 

𝐼24;4,#<5	=8>,*9
F=	:640#;I  by 𝐼1:(𝑄). The more complex representation was chosen as the quotient 

1'"%"($)!	+,-(./
0+	12"3$%4 (.)

1'"%"($)!	+,-(./
5!6$.%7 (.)

 produces a straightforward visualization of the changes to the sample 

gasket induced through compression. 

For the approximation of 𝐼78+,*9F= (𝑄) to be accurate, the exact same gasket 

compression, HP spacing, for the sample must be achieved when compressing vanadium 

powder. The required pressure to compress vanadium powder to match the gasket 

deformation is dependent on the bulk modulus of the sample compared to the bulk modulus 

of vanadium and the initial packing fraction of both. The required vanadium pressure is, in 

practice, difficult to estimate, and it is assumed that the gasket deformation is the same as 

the sample measurement when the anvil separation during the vanadium measurement is 

the same the anvil separation during the sample measurement. Determining the anvil 

separation for each measurement is required for correctly estimating the background. To 
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simplify this measurement, it was performed optically by affixing reflective plates to the 

anvils. The plates were mounted on the anvils in an arbitrary location, but the location was 

identical for all optical measurements. The optical measurement was performed by 

analyzing the contrast of a vertical slice of pixels from the optical image of the two anvils. 

The affixed reflective plate causes a significant spike in pixel brightness and the number 

of pixels between the spikes was counted. Each pixel was determined to 7 microns in real 

space. 

Data Collection: 

Data of the sample were collected at ambient conditions, 50 bar, for 4 hours (~20 

C of proton charge). The oil pressure was then increased to 600 bar, approximately 6 GPa, 

and after the anvil spacing was recorded optically, data of the sample were collected for 12 

hours (~60 C of proton charge)[ 𝐼-456+*?5@#*;A(𝑄), 𝐼-456+*F= (𝑄)]. The cell was then 

depressurized, and the sample removed. An empty TiZr gasket was then mounted in the 

PE Cell and 50 bar of oil pressure was applied. Data of the TiZr gasket was collected for 2 

hours (~10 C of proton charge) [𝐼B#C9	D4-E*A?5@#*;A (𝑄)]. The PE cell was then loaded with 

Vanadium powder in a TiZr gasket under an initial load of 50 Bar and a 2 hour exposure 

was collected. The cell was then pressurized to 300 Bar, 420 Bar, and 640 Bar with 2 hour 

measurements at each pressure step to characterize gasket deformation with pressure and 

to for use in approximating [𝐼78+,*9F= (𝑄)]. The anvil spacing as a function of pressure for 

the vanadium powder measured optically is shown in Figure 6.1. 

Data Processing: 
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Figure 6.1: Measured single toroidal anvil separation in a Paris Edinburgh Cell as a function of oil pressure 

for vanadium powder encapsulated in a TiZr Gasket 
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The contributions of the instrument and sample container must be carefully 

removed from the collected sample data to create a total scattering pattern with a 

meaningful Fourier transform. This is especially challenging for samples at high pressure 

as the compression of the sample in the PE press changes these contributions. The two 

dominant effects on the background with increasing pressure are (1) reduction in the 

detector area illuminated by the sample with decreasing anvil separation and (2) increasing 

radial thickness of the TiZr gasket from plastic deformation. The effect of the changing 

detector illumination area with decreasing anvil separation is shown in Figure 6.2. At small 

anvil separations, the amount of detectable sample scattering is significantly decreased, 

whereas instrument contributions are not affected as severely. This causes a change in the 

high Q behavior of the data collected at high pressure from the relative increase in 

instrument contributions. To highlight the issue, two masks were applied to collected 

vanadium powder data at ambient conditions and at high pressure which removed 

instrument contributions. The blue curve is the data with a broad mask applied and the 

green curve is the data with a significant amount of phi space masked out. At ambient 

conditions, Figure 6.2a, the high Q behavior of the data is the same regardless of the mask 

that is applied. When the anvil separation is small, Figure 6.2b, the relative increase in 

instrument scattering causes a noticeable bump in the diffuse scattering at Q > 8 Å"!, which 

can be masked out to recover the ambient high Q behavior. It is important, therefore, to 

create a mask using the high pressure sample measurement which is then applied to the to 

the Vanadium powder and empty instrument measurements used to make a total scattering 

pattern to keep the relative instrument contributions and scaling consistent.  
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Figure 6.2: Vanadium powder measurements at a) ambient conditions and b) at anvil separation recorded for 

a sample measured at 8Gpa. The green curve represents the captured spectrum when using the top detector 

mask. The blue curve represents the results when using the bottom detector mask. The data represented by 

the blue curve is scaled for comparison. 
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The other consideration is the additional attenuation of low energy neutrons by the 

increased radial gasket thickness upon compression. The effect of increasing gasket 

thickness on the neutron energy spectrum can be characterized by the ratio 

1'"%"($)!	+,-(./
0+	12"3$%4 (.)

1'"%"($)!	+,-(./
5!6$.%7 (.)

, this quotient at different amounts of compression (i.e HP Spacing) are 

shown in Figure 6.3. With increasing compression and therefore increasing gasket 

thickness the number of transmitted neutrons decreases; the trend is similar for all 

compressions. The magnitude of the decrease in neutron transmission at a given 

compression is highly dependent on Q which is related to neutron energy. At low Q, the 

number of transmitted neutrons is greatly decreased and as Q increases the amount of 

transmitted neutron increases exponentially. This behavior is an artifact of the binning 

procedure and transformation to Q space and is different when plotted as a function of 

neutron energy or d-spacing. This variation with Q space at the same anvil separation 

suggests Q independent scaling of background measurements are inaccurate and will 

distort the pattern.At a fixed Q or neutron energy, the relationship between transmitted 

neutrons and compression is linear. The linear behavior between different spacing 

reaffirms that the plastic deformation of the gasket can also be approximated by a linear 

interpolation of recovered gaskets from high pressure 147.  

The data processing was performed using Mantid Workbench 163. Data were loaded 

into mantid, normalized by proton charge (to account for variations in power level of the 

proton beam on the liquid mercury target), binned, and converted into Q space using 

SNAPRed. The incoming neutron spectrum as a function of Q spacing was determined 

using the ambient Vanadium powder measurement. 
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Figure 6.3: Effect of gasket compression on the measured neutron spectrum from Vanadium powder. Anvil 

spacing was measured from a fixed arbitrary point on the anvil with an initial measured spacing of 3.896 

mm. 
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After the background and gasket enclosure were subtracted from the vanadium powder any 

vanadium peaks were removed and the noise reduced to create a spectrum for normalizing 

the collected data, which is referred to later as the “instrument vanadium” measurement or 

𝐼1:(𝑄). For ambient measurements in the PE Cell, the sample data and empty gasket 

measurements were normalized by dividing by the instrument Vanadium, shown in Figure 

6.4a. The empty gasket, 𝐼B#C9	D4-E*A?5@#*;A (𝑄), was then subtracted from the sample 

measurement, 𝐼-456+*?5@#*;A(𝑄), to create a total scattering pattern of the sample S(Q), Figure 

6.4b.  

For measurements at high pressure, first a detector mask was produced for the high 

pressure sample measurement, 𝐼-456+*F= (𝑄), to minimize the instrument background as 

shown in Figure 6.2. That mask was then applied to all measurements used to create the 

high pressure S(Q) [𝐼-456+*F= (𝑄), 𝐼B#C9	D4-E*A?5@#*;A (𝑄), 𝐼24;4,#<5	=8>,*9?5@#*;A (𝑄), 

𝐼24;4,#<5	=8>,*9
F=	:640#;I (𝑄)] to maintain a consistent illuminated detector area, which is necessary 

for a consistent scale factor. The change in the gasket from deformation at pressure was 

corrected for using vanadium powder measurements. The vanadium powder measured at 

the same anvil spacing as the high pressure sample measurement was divided by the 

ambient vanadium powder measurement to create a unitless pressure correction 

1'"%"($)!	+,-(./
0+	12"3$%4 (.)

1'"%"($)!	+,-(./
5!6$.%7 (.)

, as shown in Figure 6.5b. The correction was then multiplied by the 

ambient empty gasket measurement to create a background pattern for the high pressure 

sample measurement [𝐼78+,*9F= (𝑄)], green trace in Figure 6.5c. The sample and background 

patterns were then normalized by dividing by the instrument vanadium, Figure 6.4c. 
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Figure 6.4: Highlight of the data analysis procedure on SNAP. a) Normalized intensity of Y2 Zr2O7 (blue) 

and an empty gasket (red) at ambient pressure. b) The resulting pattern of Y2 Zr2O7 after the empty gasket is 

subtracted. The insert highlights the diffuse scattering. c) Normalized intensity of Y2Zr2O7 (blue) and a 

corrected empty gasket (green) at 6 GPa. d) The resulting pattern of Y2 Zr2O7 at 6GPa after the empty gasket 

is subtracted. The insert highlights the diffuse scattering. 
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Figure 6.5: Gasket deformation correction at high pressure. (a) blue is the Y2Zr2O7 sample collected at 6 Gpa 

and red is the ambient empty gasket measurement. (b) green is vanadium powder measured at the same 

spacing divided by ambient vanadium powder. (c) blue is the Y2Zr2O7 sample collected at 6 Gpa and green 

is the empty gasket measurement multiplied by the vanadium quotient shown in (b) 
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The high pressure background was then subtracted to form a total scattering pattern for the 

high pressure Y2Zr2O7 sample as shown in Figure 6.4d.  

The processed total scattering patterns were then transformed into pair distribution 

functions, G(r), using the S(Q) to G(r) program StoG, distributed in RMCProfile 80, 81. The 

data were first rebined from Qmin = 0.98 to a Qmax = 24.0 using bins with width 0.01 Å"!.  

The data were then scaled and Fourier transformed, eq 3, into a pair distribution function. 

𝐺(𝑟) = 	
2
𝜋 K 𝑄[𝑆(𝑄) − 1]sin	(𝑄𝑟)𝑑𝑄

.!"#

.!$%

 
Eq [3] 

where Q represents the scattering vector, 4𝜋 sin(𝜃) /𝜆, with neutrons of wavelength 𝜆, 

scattered through angle 𝜃, with the pair distance r in real space. The initial integration was 

performed over a Q range that was dependent on the instrument with, 0.2 to 24 Å"! for the 

NOMAD measurement, and 0.98 to 24 Å"! for SNAP. A Fourier filter was applied to 

remove oscillations below 1.8 Å. The scaled and Fourier filtered total scattering patterns 

are shown in Figure 6.6. 

SNAP Characteristics: Ambient Condition Pair Distribution Functions 

 The potential resolution in real space of PDFs collected at SNAP was tested by 

repeating the integration represented by equation 2 with different integration limits, as 

shown in Figure 6.7 for Y2Zr2O7 measured in the PE Cell at ambient conditions. The lower 

integrand of 0.98 Å"! was maintained while the upper limit was increased from 6 to 24 

Å"!.  
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Figure 6.6: Post processing neutron S(Q) for Y2Zr2O7 collected in a capillary at NOMAD and in a PE Press 

at ambient conditions and at 6 GPa. Data has been scaled and Fourier filtered. 
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Figure 6.7: Integrated PDFs for Y2Zr2O7 measured in a PE Cell at ambient conditions. The right panel shows 

the integrated SNAP patterns with different upper integration limits (Qmax) in color with the integration 

performed on NOMAD data in dashed black lines. The upper left panel is the same data plotted with no offset 

and the first peak highlighted. The lower left panel is the summed absolute difference between each SNAP 

PDF and the NOMAD PDF reference. 
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Increasing the maximum Q value of the limit used in the integration will increase the 

resolution of the calculated PDF, however, the counting statistics at higher Q are 

significantly lower, which can introduce noise into the PDF.  

These effects were quantified by comparing PDFs integrated at different limits to a 

PDF create with data collected in a capillary at NOMAD integrated to the max integrand 

possible at SNAP of 0.98 to 24 Å"!. The NOMAD PDF is assumed to be an accurate 

representation of an experimental PDF of Y2Zr2O7. The summed absolute difference 

between the NOMAD and SNAP integrations with increasing Qmax integrands from 0 to 

50 Å in real space is shown by the green curve in Figure 6.7. As Qmax increases the 

difference decreases as peaks become less broad with increasing resolution. The potential 

improvement in PDF quality is outweighed by the additional noise introduced into the 

pattern at high Q starting at a Qmax of 18 Å"! where the difference between the SNAP and 

NOMAD patterns begins to increase. The difference continues to increase as Qmax increases 

past 18 Å"!. 

The intensity of noise in the transformed PDF is also dependent on measurement 

time. Time filtering, which creates a pattern that consists only of detector events that occur 

before a certain time, was applied to the collected sample data to show the effect of 

measurement time on the final integrated PDF, shown in Figure 6.8. The vanadium powder 

measurements used for post processing and normalization of the data were not time filtered. 

The ratio of the measurement time of the sample with respected to the empty gasket is 

depended on the ratio of the respective measured intensities 164.  
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Figure 6.8: Neutron total scattering patterns (left) and transformed pair distribution functions (middle) for 

Y2Zr2O7 loaded in a PE Cell at ambient conditions collected for varying measurement times, which are 

denoted above each pattern. The summed absolute difference between each pair distribution function 

collected at SNAP and a NOMAD reference are represented by the green curve on the right plot. 
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For Y2Zr2O7 the optimal ratio of the counting times is approximated one, therefore, the 

time filter was applied equally to the sample measurement and the empty gasket 

measurement. The collected data were processed to form a total scattering pattern, shown 

in the left plot of Figure 6.8. These total scattering patterns were transformed in StoG 

provided in RMCProfile using a Qmax of 18 Å"!, which were compared to an experimental 

PDF from NOMAD with the difference represented by the green summed difference curve 

in the right plot of Figure 6.8. The difference between the generated PDFs from SNAP and 

the NOMAD reference decreases sharply with increasing measurement time. The collected 

patterns from SNAP continue to improve with increasing measurement time. These 

improvements, however, are less noticeable for measurements longer than 60 minutes (5 C 

of charge). 

SNAP Characteristics: High Pressure Pair Distribution Functions 

 The potential PDFs generated from data collected at SNAP are also affected by 

applying pressure, which changes the instrument geometry, as well as, the gasket radial 

thickness through plastic deformation. The resolution in real space at pressure was 

investigated in a similar manner to ambient conditions by varying the upper integrand of 

the Fourier transform described in equation 2 as shown in Figure 6.9. Applying pressure 

increased the noise present in the collected data and the noise is more pronounced at lower 

Q when compared to the data collected at ambient conditions.  
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Figure 6.9: Integrated PDFs for Y2Zr2O7 measured in a PE Cell at6 GPa. The right panel shows the integrated 

SNAP patterns with different upper integration limits (Qmax) in color with the integration performed on 

NOMAD data in dashed black lines. The middle panel is the same data plotted with no offset and the first 

peak highlighted. The right panel is the summed absolute difference between each SNAP PDF and the 

NOMAD PDF reference. 
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The summed absolute difference between the high pressure PDFs on SNAP, integrated 

with different upper integrands (Qmax), and the NOMAD reference are shown by the red 

line in the right panel of Figure 6.9. The difference decreases with increasing Qmax and the 

lowest difference is when the SNAP PDFs are integrated with a Qmax of 14 Å"!, which is 

a reduction in resolution in real space when compared to the measurements in a PE Cell at 

ambient conditions. As Qmax increases past 14 Å"!,	the noise in the generated PDFs on 

SNAP increases causing a sharp increase in the difference from the NOMAD reference 

PDF, staring at 16 Å"!. The left panel of Figure 6.9 suggests that a significant portion of 

the increased difference seen in the right panel is at greater distances in r space as the 

generated PDFs with a Qmax of 14 Å"!(cyan) and 18 Å"! (red) do not show a dramatic 

increase in noise. 

 The effect of applying load on the sample on the required measurement time for 

generating quality PDFs was also investigated using a similar process to the measurements 

at ambient conditions, Figure 6.10. The time filtering was kept the same for the sample 

measurement time and empty gasket measurement time and the full vanadium 

measurement was used for post processing. The collected data were Fourier transformed 

in StoG using an upper integrand (Qmax) of 16 Å"! to minimize noise while focusing on 

increasing PDF resolution in real space. The transformed PDFs were compared to a PDF 

generated from data collected at nomad at ambient conditions. The summed absolute 

difference is shown in the red curve in the right panel of Figure 6.10. There is a dramatic 

increase in the similarity between the collected PDFs on SNAP to the NOMAD reference 

with increasing counting time.  



 

 
 

121 

 

Figure 6.10: Neutron total scattering patterns (left) and transformed pair distribution functions (middle) for 

Y2Zr2O7 loaded in a PE Cell at 6 GPa collected for varying measurement times for the sample and empty 

gasket, which are denoted above each pattern. The summed absolute difference between each pair distribution 

function collected at SNAP and a NOMAD reference are represented by the red curve on the right plot. 
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The improvement with increasing counting time is less significant after 60 minutes of 

counting and addition sample measurement time after the max empty gasket measurement 

of 120 minutes provides no additional reduction in noise. 

In both the high pressure Q range analysis and measurement time investigation at 

high pressure the absolute summed differences between the SNAP and NOMAD capillaries 

are significantly higher at 6 GPa than at ambient conditions. Although no significant 

structural changes are expected at this pressure, the high shear stress created by 

pressurizing with no pressure medium will cause strain broadening165 that increases the 

difference from the ambient NOMAD data especially at greater distances in real space, r. 

To account for these changes, both the neutron diffraction patterns, and generated PDFs 

were also fit with a simulated structure using small box modeling to verify the structure at 

pressure, shown in Figure 6.11.  

Discussion 

Using the SNAP beamline, the structural heterogeneity of Y2Zr2O7 was 

successfully measured at ambient conditions in a PE Cell. This capability was also 

preserved at high pressure (~6 GPa) with some degradation in PDF quality. The quality of 

the generated Y2Zr2O7 PDFs on SNAP, however, is highly depended on measurement time 

and the usable Q range for the Fourier transformation. The lowest noise in the transformed 

PDFs was achieved using a Q range of 0.98 to 16 Å"! at ambient conditions and 0.98 to 14 

Å"! at high pressure. Increasing the Qmax used in the integration will improve resolution in 

real space but will increase the likelihood that noise is introduced into the transformed 

pattern. 
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Figure 6.11: Refinement results for defect fluorite and Weberite type structures on collected SNAP data in a 

PE press and Ambient (lower plot) and high pressure (top plot). The left panel is the long-range Bragg 

diffraction data, represented by blue circles, fit with a defect fluorite structure, in red. The middle panel is 

the local PDF data, represented by blue circles, fit with a defect fluorite structure, in red. The right panel in 

the local PDF data, represented by green circles, fit with a Weberite type structure, in red. The difference 

between the observed and calculated patterns is shown below in green. The ambient and high pressure data 

shown were acquired for 60 minutes and used integration limits of 0.98 to 18 Å<&  and 0.98 to 14 Å<& 
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These values for the integration will be dependent on the scattering strength of the loaded 

sample as stronger scatters will have a better sample to noise ratio at higher Q values. For 

Y2Zr2O7, the coherent scattering cross section of the individual constituents (Y:7.55b, 

Zr:6.44b, O:4.232b) and density of 5.65 I
05= results in an above average reaction rate for 

scattering among complex oxides; therefore, for experiments on similar materials at SNAP 

a Qmax of around 14 to 18 Å"! is expected to produce the cleanest PDF with a real space 

resolution of ∆𝑟 = 	 J
.!"#

= 0.17	𝑡𝑜	0.22	Å. The required measurement time is depended 

on sample composition and sample container 164. 

In an encapsulated TiZr gasket mounted on single toroidal anvils, a measurement 

time of one hour for the empty container and one hour for the Y2Zr2O7 sample was 

sufficient to produce refinable PDFs, Figure 6.11. Increasing the measurement time, 

produced diminished improvement to the pattern past this point, Figures 6.8 and 6.10. The 

increased neutron flux at the Spallation Neutron Source has significantly shortened the 

length of high pressure total scattering experiments compared to similar experiments 

performed using reactor sources. With a strong scattering sample, a complete set of 

measurement including the empty container and vanadium can be acquired within a few 

hours as opposed to the roughly 24 hours that was previously required for each individual 

measurement 149. The dramatic improvement in measurement time from the increased 

neutron flux does not appear have as much of an influence on the high Q data as would be 

expected, especially with the increased neutron flux at high energies from a spallation 

source. The usable Qmax of the data collected at SNAP, 14 to 18 Å"!, is comparable to other 
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high pressure total scattering experiments at PEARL (Qmax @ 19.6 Å"! 146) and D4C (Qmax 

@ 15.45 Å"! 147).  

 The noise at high Q in the reduced data is particularly sensitive to the background 

subtraction method as the scattering strength of the sample decreases with Q making it less 

pronounced from the instrument background. It is therefore crucial that the same 

instrument geometry and gasket deformation is achieved, HP Spacing , for the 

encapsulated vanadium powder background measurement 𝐼24;4,#<5	=8>,*9
F=	:640#;I (𝑄 used to 

calculate 1'"%"($)!	+,-(./
0+	12"3$%4 (.)

1'"%"($)!	+,-(./
5!6$.%7 (.)

. In this experiment, measuring this separation optically was 

insufficient to consistently reproduce the gasket deformation accurately. In practice, 

gaskets will deform differently even at the same anvil separation depending on how much 

of the internal volume of the gasket is filled by a sample or vanadium powder when loading. 

The difficulty in completely filling the internal volume for powder samples is dependent 

on the pellet pressing process, which creates a dense powder compact that is the same shape 

and volume as the sample chamber in the gasket. Whether a pellet pressing is successful is 

highly dependent on the grain size, hardness, and texture of the starting sample powder. It 

is, therefore, often more accurate to select a vanadium powder background measurement 

based on the deformation of the sample gasket, which can be deconvolved from a 

comparison of the ambient and high pressure measurement. 

The changes to the diffuse scattering intensity from gasket deformation in the high 

pressure sample measurement were highlighted by analyzing the ratio 
11"!2>.
0+	 (.)

11"!2>.
5!6$.%7(.)

 (the high 

pressure sample pattern divided by the ambient sample pattern), which was then compared 
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to 1'"%"($)!	+,-(./
0+	12"3$%4 (.)

1'"%"($)!	+,-(./
5!6$.%7 (.)

 previously shown in Figure 6.3. The divided sample data 
11"!2>.
0+	 (.)

11"!2>.
5!6$.%7(.)

 

shows the same behavior as gasket correction 1'"%"($)!	+,-(./
0+	12"3$%4 (.)

1'"%"($)!	+,-(./
5!6$.%7 (.)

, Figure 6.12, which is a 

result of the increased radial thickness of the gasket from plastic deformation during 

compression in both loadings. Along with these features, changes to the sample with 

increasing pressure are present in the sample quotients, 
11"!2>.
0+	 (.)

11"!2>.
5!6$.%7(.)

. The main contributions 

are (1) Bragg peak shifting, which causes the sharp spikes in the sample data at low Q (2) 

sample diffuse scattering changes, which cause short oscillations in Q and (3) sample 

density and packing fraction changes, which cause Q independent changes. These changes 

are distinct from the changes caused by gasket deformation, which while Q dependent, 

evolve significantly slower than sample variations.  

Determining the ideal vanadium powder background measurement for a high 

pressure sample, therefore, should be done in a similar manner to the previously reported 

methodology on PEARL 146. On PEARL, a similar pulsed TOF neutron high pressure 

instrument, the instrument geometry was not directly measured. Instead after sample 

measurements were performed, the matching encapsulated vanadium measurement was 

selected by testing how it affected data reduction. In practice, this required initially 

underestimating the pressure on the background vanadium taking a small measurement and 

performing the data reduction. If the produced pattern was not invariant with Q at high Q 

~15-20 Å"! (i.e flat), the pressure was slightly increased, and a new short vanadium 

measurement was taken. Once the produced pattern satisfied the desired high Q behavior 

a long vanadium measurement was taken at that pressure to improve statistics.  



 

 
 

127 

 
Figure 6.12: Examples of quotients of high pressure data over its respective ambient measurement. The green, 

blue, and red curves are the vanadium powder measurements from figure 3. The orange and black curves are 

sample A (Y2Ti2O7), which was measured during the same beamtime as the purple curve (Sample B 

Y2Zr2O7). Plotted data has been denoised to improve clarity. 
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This method can account for the variation in gasket deformation with different loadings; 

however, as shown in Figure 6.12 the high Q behavior is relatively insensitive to gasket 

changes compared to the changes to the intensity at low Q. Determining the vanadium 

pressure using high Q, is necessary on PEARL as the low Q range cannot be measured 

using a transverse instrument geometry. On SNAP, the same vanadium pressurization 

scheme should be followed, but instead of analyzing the high Q behavior of the produced 

pattern, the ratio of the high pressure vanadium measurement to the ambient vanadium 

measurement, 1'"%"($)!	+,-(./
0+	12"3$%4 (.)

1'"%"($)!	+,-(./
5!6$.%7 (.)

, should be used, Eq 4. When this ratio matches the ratio 

for the high pressure sample measurement over its ambient measurement at low and high 

Q, 
11"!2>.
0+	 (.)

11"!2>.
5!6$.%7(.)

, the gaskets must be deformed the same amount, and a long background 

measurement can be collected. 

𝐼:456+*F=	 (𝑄)
𝐼:456+*?5@#*;A(𝑄)

	≅ 	
𝐼24;4,#<5	=8>,*9
F=	:640#;I (𝑄)
𝐼24;4,#<5	=8>,*9?5@#*;A (𝑄)

 
Eq[4] 

With the background properly subtracted, the integratable Q range of a 

measurement is only limited by the sample signal at high Q. To understand the potential 

limits of a measurement on SNAP, an ambient measurement of Y2Zr2O7 was also 

performed in a 3mm diameter quartz capillary using the same 750 micron slit collimator. 

This setup removes the limit scattering angles and extra background signal of the PE Cell 

while maintaining a similarly reduced illuminated sample volume. Interestingly, measuring 

the sample outside the PE cell did not dramatically decrease the noise in the collected data, 

as shown in Figure 6.13a.  
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Figure 6.13: a) Back transformed neutron S(Q) for Y2Zr2O7 collected in a capillary at NOMAD, in a capillary 

at SNAP, and in a PE Press at ambient conditions. Data has been scaled and Fourier filtered. b) Uncorrected 

neutron total scattering patterns of (orange) Y2Zr2O7 powder acquired for 2 hours in a 3mm quartz capillary 

using a 750 micron slit collimator and (purple) D2O liquid acquired for 2 hours in a 2mm thin walled quartz 

capillary using a 3mm circular collimator. 
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This suggests that the limiting factor in data quality is the sample signal itself and not the 

PE Cell and instrument setup. The samples signal is low due to the small sample volume 

and is not an inherent limitation of the SNAP instrument, which can be seen comparing to 

other samples measured without these volume limitations. A measurement of D2O in a 

2mm thin walled capillary using a larger 3mm circular collimator with the same detector 

positions is shown in purple in Figure 6.13b. The D2O sample has significantly less noise 

at high Q due to the samples increased atomic number density and larger illuminated 

volume. This was confirmed by time filtering the D2O sample to have roughly the same 

number of coherent neutron scattering events as the Y2Zr2O7 and the resulting pattern had 

a similar amount of noise. 

Characterization of Y2Zr2O7 Defect Fluorite 

Sample Synthesis 

 The Y2Zr2O7 powder was synthesized through the solid state reaction shown in 

equation 5. The reactants, Y2O3 and ZrO2, were purchased from Alfa Aesar with cation 

purities of 99.99% and 99.7% respectively.  

𝑌%𝑂( + 2	𝑍𝑟𝑂% 	→ 𝑌%𝑍𝑟%𝑂K Eq [5] 

The starting powders were calcined at 800 °C for 8 hours. The powders were then mixed 

in a mortar and pestle and then milled under ethanol with WC tools using a RETCH PM200 

planetary ball mill at 300 rpm for 6 hours with 1 minute breaks after every 15 minutes to 

prevent sample heating. After milling the powders were calcined again as above and 

pressed into ½” pellets under uniaxial load at 2 tonns. The pellets were initially sintered at 
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1200 °C for 48 hours than ground, milled, calcined and pressed in the same manner as 

before again. These new pellets were then sintered at 1100 °C for 10 hours, then ramped 

to 1600 °C for 72 hours, and finally down to 1300 °C for 48 hours. The pellets were then 

reground, and the reaction verified through laboratory XRD and Raman spectroscopy. The 

powder was prepared for loading into the PE cell by forming a dense pellet through 

pressing 220 mg of powder in a custom die that matches the sample chamber of an 

encapsulated gasket. 

Data Analysis 

Rietveld refinement was performed on the collected neutron diffraction patterns 

using the GSASII87 software package. The long-range data was modeled using an isometric 

disordered fluorite structure, Table 6.1, with 5 parameters: the scale factor, unit cell 

parameter (a=b=c), and one atomic displacement parameter for each crystallographic site 

(U11=U22=U33). In the disordered structure A and B cations shared the available sites, so a 

single ADP was used for both the A and B cations and a second was used for the Oxygen 

anion. The short-range structure of the samples were analyzed using small box modelling 

in PDFgui88. The pair distribution functions were modeled using both a defect fluorite and 

a Weberite type structure, Table 6.1. The Weberite type model requires 28 total parameters: 

scale factor, 3 unit cell parameters (a¹ b¹ c), 8 structural position parameters, and 15 

atomic displacement parameters. 
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Table 6.1: Atomic positions of Y2Zr2O7 in the defect fluorite and Weberite Type structures, bold positional 

coordinates are free parameters that are fit during refinement. 

Wyckoff Equipoint (CN) Site Occupant x y z 
Defect Fluorite 𝐹𝑚3$𝑚 (# 225)     
4a (7)  Y0.5 Zr0.5 0 0 0 
8c  O0.875 0.25 0.25 0.25 

     
Weberite-Type C2221 (# 20)     
4b (8)  Y 0 0.4908 0.25 
8c (7)  Y0.5 Zr0.5 0.2338 0.2421 0.4933 
4b (6)  Zr 0 -0.0081 0.25 
8c  O 0.1380 0.2062 0.7591 
8c  O 0.6231 0.2687 0.7778 
4a  O 0.3816 0 0 
4a  O 0.6616 0 0 
4a  O -0.0799 0 0 
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Results 

The collected neutron diffraction patterns and transformed pair distribution 

functions for Y2Zr2O7 are shown in Figure 6.11. The long range diffraction data shown in 

the left panel of Figure 6.11 shows a slight peak shift with increasing pressure to a lower 

d-spacing as the cell volume reduces. The peak intensity reduces drastically at high 

pressure and the peaks become broader. The broadening is especially significant at low d-

spacing, where some peaks become broad enough to no longer be distinguishable from the 

background. The peak broadening and shifting is expected for samples under pressure with 

no pressure medium 166. The effect of pressure on the pair distribution function are more 

subtle, as shown in the left two panels of Figure 6.11. The peaks in the PDF broaden under 

increasing pressure from increased strain 165. The most apparent differences with pressure 

are changes to the shape of the broad peaks between 4-5 Å where the most intense point of 

the peak shifts to lower r and the broad peaks between 6-7 Å and 7-9 Å where the peak 

shoulders become more distinct with pressure. 

 The effect of increasing pressure and changing sample environment on the refined 

long range structure parameters was determined through Rietveld refinement in the 

GSASII software package 87. The refinements of the diffraction patterns collected at SNAP 

are accurately modeled using a defect fluorite model, red curves in the left panel of Figure 

6.11. The most distinct differences between the calculated diffraction pattern and the 

observed pattern are in the peak intensity and shape at 3 angstrom and 1.8 angstrom. The 

model underestimates the broadness of the peaks and intensity. The collected peaks 

themselves are also asymmetric, which is common for moderated pulsed neutron sources 
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167. The weighted agreement factor, Rw, for each of the refinements on SNAP are very low, 

suggesting excellent agreement between the model and the observed data. 

 The generated neutron PDFs from the SNAP data were fit using small box modeling 

using the PDFGUI software package88. The defect fluorite model used to fit the long range 

diffraction patterns is a poor representation of the local structure, as shown in the middle 

panel of Figure 6.11. The long range model is unable to reproduce the shoulder on the peak 

at 2.1 Å and does not capture the relative intensities and positions of the peaks at 3.8 and 

4.5 Å. At higher r the defect fluorite model reproduces the data more accurately. These 

deviations at low r are captured by the Weberite type model shown in the right panel of 

Figure 6.11. The data at high pressure is also accurately modeled using this structure, 

despite the previously noted difference to the ambient PDF, with a reasonably low 

weighted agreement factor.  

Behavior of Weberite during Compression 

 Although confined to a resolution of 0.17	𝑡𝑜	0.22	Å in real space, the local structure 

of defect fluorite was refinable in both the ambient and high pressure measurements using 

small box modelling, as shown in Figure 6.11. The local Weberite-type phase in defect 

fluorite has been extensively reported; however, this is the first study of the changes to a 

local structure under pressure. Upon compression, the unit cell of local orthorhombic 

Weberite-Type phase compress by different amounts, with the largest reduction in size in 

the b-axis (∆M
M?

 = -0.41%, ∆4
4?

 = -0.67%, ∆@
@?

 = -1.16%). This is in contrast with the long range 

cubic structure which compresses isotopically. The local structure fit the high pressure data 
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with no significant distortions to the polyhedra. At 6 GPa, Y2Zr2O7, is significantly below 

the transition pressure to a its high pressure orthorhombic phase (27.3 GPa), so no 

significant changes are expected compared to ambient conditions168. 

Conclusions 

The SNAP beamline at the Spallation Neutron Source at Oak Ridge National 

Laboratory is an ideal beamline for total scattering at high pressure. In experiments on 

Y2Zr2O7 pressurized to 6 GPa using single toroidal anvils in a PE Cell, the long range and 

distinct short range structures were able to be characterized through Rietveld refinement 

and small box modelling. The increased neutron flux from the SNS compared to other high 

pressure beamlines greatly reduced the required measurement time to approximately 60 

minutes; however, the usable Q-range for Fourier transform remains similar to other high 

pressure neutron diffraction instruments. Depending on the scattering strength of the 

sample, an integratable Q range of 0.98 to 14 - 18 Å"! is expected for compositions of a 

similar density and scattering length as Y2Zr2O7 (5.65 I
05= Y:7.55b, Zr:6.44b, O:4.232b). 

The experimental methodology for performing these measurements on SNAP is 

similar to other neutron TOF spectrometers. The two SNAP detector banks should be set 

to 50° and 105° and the chopper to 1.8 Å. The most significant complication when 

performing total scattering at pressure is accurately capturing the instrument and sample 

holder contributions for subtraction at pressure. This was accomplished by crushing 

vanadium powder in an encapsulated gasket to the same amount of deformation as the 

sample. Determining the amount of deformation by comparing the change in the intensity 

of the diffuse scattering upon compression across Q in both the sample and vanadium 
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powder is the best way to reproduce the sample background conditions. The required 

pressure for the vanadium powder background measurement cannot easily be predicted as 

it is dependent on the physical properties of the sample and the quality of the sample 

loading; therefore, it is best to first underestimate the required vanadium pressure and 

slowly increase it taking measurements and comparing with the sample measurement. This 

procedure may be more difficult to follow for samples that must be loaded at pressure as 

is the case for gas loadings as the initial sample gasket deformation from the sample loading 

will not be possible to measure. 

There is potential to simplify this experimental procedure further through using 

different methods to estimate the background instead of using a direct measurement. These 

methods may include approximating the empty gasket using interpolation of less exact 

vanadium powder gasket measurements using a linear combination of other vanadium 

powder gasket measurements or through deconvolving the signal from the sample itself. 

Further work is also required to improve the signal to noise ratio at higher Q ranges, this 

may be achieved through denoising post measurement or adjusting the instrument setup to 

illuminate more sample powder. For example, using a larger collimator and switching to 

neutron transparent anvils would boost the signal significantly but will result in a more 

complicated background subtraction. In its current form, however, total scattering in situ 

at pressure is attainable on SNAP and the data is sufficient quality to aid in many future 

scientific discoveries. 
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Chapter 7 

 

Conclusions, and  

Future Perspectives 
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The results presented in this dissertation on the local structure of spinel oxides 

disordered through extreme conditions are a continuation of extensive debate on the 

structure of both pristine and disordered spinel. Despite being the first solved complex 

oxides structure in 1915, the structure of Spinel (MgAl2O4) has been seriously debated on 

numerous occasions. All the major debates on the structure of MgAl2O4 have the same root 

cause, inability to accurately measure the structure through conventional diffraction 

techniques. The ideal technique to determine the structure of spinel is one that can easily 

distinguish between Mg, Al, and O and can measure both the long range diffraction and 

local atomic arrangements simultaneously. In the previous 30 years, significant 

developments in total scattering experiments and the development of high flux spallation 

neutron sources have created a viable measurement technique that can completely describe 

the disordered spinel structure, neutron total scattering169. Using neutron total scattering, 

the structure of MgAl2O4 can be accurately determined across lengths scales and with 

increasing disorder. This modern advanced characterization technique encourages the 

reexamination of previous noted structural discrepancies in the spinel structure and enables 

the accurate determination of the spinel structure disordered through extreme conditions. 

 Neutron total scattering analysis on the spinel structure was first reported by 

Shamblin et al. in 2016140 and expanded upon by O’quinn et. al. in 2017107. Using this 

advanced technique, they determined that increasing inversion, determined by measuring 

the average structure, resulted in a growing local phase fraction of a tetragonal phase. This 

local cation ordering and resulting lower symmetry structure in partially inverted spinel 

may potentially explain previously noted discrepancies in physical property measurements, 
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calorimetry, and Raman spectroscopy. The formation of the tetragonal phase is a 

consequence of approximately balancing local charge in a disordered system, which is 

easily quantified using Pauling’s second rule74. It is, therefore, likely that the same 

tetragonal structure would be present in all disordered spinel structures as it is a 

fundamental consequence of cation anti-site defects in the structure.  

The work presented in this thesis is a continuation of this work on applying neutron 

total scattering techniques to the spinel structure. In chapter 4, the change in inversion with 

increasing temperature and local atomic structure was investigated for MgAl2O4 and 

NiAl2O4. This study found that for extrinsic disordering mechanisms, like temperature, 

increasing inversion is directly linked to an increase in local tetragonal phase. The finding 

by O’quinn et. al is therefore independent of potential intrinsic chemical effects that may 

arise from doping with Ni. The presences of a local cation ordering in thermally disordered 

spinel explains discrepancies noted in calorimetry on MgAl2O4. The study, however, was 

limited in temperature to 1000 °C which is low when compared to the geologic 

temperatures of interest for spinel. There is potential for future work at higher temperatures 

when furnace capabilities are expanded at spallation neutron sources. 

Although the tetragonal local structure has been consistent in mild intrinsic and 

extrinsic disordering, the local structure of spinel exposed to highly energetic transient 

environments was still not understood. In chapter 5, the spinel chemical solution series 

(Mg(1-x)NixAl2O4) was exposed to swift heavy ion irradiation to induce an extreme transient 

state. Using 2.2 GeV ions, enough samples mass (~100 mg) was produced to perform 

neutron total scattering. The quenched structure after exposure was highly inverted for all 



 

 
 

140 

chemical compositions and the increase in inversion was coupled to an increase in local 

tetragonal phase fraction. The quenched inverted structure, however, had additional defects 

not seen in previous milder disordering methods. These defects were additional octahedral 

disordered with cation Frenkels forming between the 4a site and the normally vacant site. 

These octahedral defects are unique and do not suggest a transition to a rock salt phase as 

was reported for lower energy irradiations. The formed defects resemble the theorized 

inversion process itself, which may have been frozen in during the rapid quenching129. To 

fully understand the response of the spinel structure to swift heavy ion irradiation, 

significantly more experimental work is required. The structure appears to have a varied 

response depending on the ion energy and fluence170. At present, the energy of ion that can 

be used is limited to very high energies to produce enough sample mass for neutron total 

scattering. The mass requirements, however, are decreasing rapidly as neutron sources 

become brighter. There is also great potential in performing neutron total scattering at high 

pressure beamlines which have highly focused neutron beams, further reducing the mass 

requirements. 

The other extreme of interest in geology is high pressure. The field of neutron total 

scattering in situ at high pressure is still actively being developed and experiments are 

uncommon in literature. In chapter 6, the results of a pilot experiment on total scattering at 

high pressure using the SNAP instrument at the Spallation Neutron Source are presented. 

Defect fluorite was used as a model system as its local structure is more distinct in neutron 

PDF than the local tetragonal spinel structure. The effect of pressure on a local Weberite-

type phase in defect fluorite is presented. The local orthorhombic phase prefers to compress 
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along the B axis under pressure while the long range structure compresses isotropically. 

Distinguishing the local phase at high pressure, however, was successful and the methods 

and characteristics of the SNAP instrument are presented in the experimental methods 

section. The range of pressures at which neutron total scattering is possible is not known 

as this experiment only compressed to 6 GPa in a Paris Edinburgh cell with single toridal 

anvils. Pressure will increase as further development is done on total scattering in other 

high pressure devices, which allow for smaller sample volumes. 

 At present, even after 110 years of previous work, there is still much to be done to 

completely understand the spinel structure and the increased availability of intense neutron 

diffraction beamlines will likely accelerate this process. The work presented in this 

dissertation is focused on the ionic compounds MgAl2O4 and NiAl2O4; however, the family 

of compounds that can adopt the spinel structure is extremely varied. These compounds 

can have unique local structures75 and will most likely display a different behavior when 

exposed to extreme conditions. Additionally, many of the discrepancies previously 

reported in physical property measurements has not been reassessed considering the new 

𝑃4!22 local structure, which could be explored with additional modelling work. Most 

importantly, how this local structure fits in with the larger picture of disordering in rock 

salt derived oxides is still unknown as many other disordered oxides in neighboring oxides 

families have not been investigated locally using total scattering. 
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