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Abstract:   

 Pyrochlore-type oxides (A2B2O7) have received considerable attention for nuclear waste 

sequestration applications because of the compositional diversity and structural flexibility of 

these materials. It is important to understand how the electronic structure of these materials 

changes depending upon composition and to study the radiation tolerance of these materials. X-

ray absorption near-edge spectroscopy (XANES) can be used to investigate the electronic 

structure, oxidation state, bonding environment, and local coordination environment of the 

absorbing atom.  The objective of this contribution is to demonstrate how XANES can be used to 

effectively study pyrochlore-type oxide materials for nuclear material applications. 
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Introduction 

 Nuclear energy is considered a clean energy source that provides large amounts of energy 

that can meet industrial and societal energy needs.1-5 Nuclear power plants produced ~12% of 

world’s energy in 2012.6 However, the nuclear industry has produced, and continues to produce, 

a significant amount of radioactive nuclear waste.  For example, the accumulated nuclear waste 

from spent nuclear fuel (measured by volume) and uranium mill tailings were 9079 m3 and 

214,000,000 tonnes, respectively, in Canada to the end of 2010.7  

 A number of nuclear wasteforms have been proposed to immobilize nuclear waste from 

spent nuclear fuel, including ceramic oxides.8,9,10,11,12 Nuclear wasteforms are materials that can 

safely and securely incorporate various radioactive nuclear waste elements.  A key concern of 

nuclear wasteform materials is the long-term stability and durability of these materials, which 

may be affected by the radioactive decay of incorporated nuclear waste elements.12,13,14,15,16,17,18 

During the radioactive decay (i.e., α- or β-decay) process, the incorporated radioactive nuclear 

waste elements may release α- or β-particles over a period of time and transform to daughter 

products. These events can damage the structure of a nuclear wasteform through various 

processes. The decay of incorporated radioactive elements can lead to the swelling of the 

structure and the development of crystal defects.8 A change in the structure of a material because 

of radiation damage can affect its ability to restrict the mobility of contained radioactive waste 

elements.8 Studying how a proposed nuclear wasteform responds to the radioactive decay of 

incorporated nuclear waste elements is a crucial step to the development of these materials.  

 Ceramic materials have been proposed as nuclear wasteforms as the naturally occurring 

mineral analogues can contain actinides and many remain crystalline (or partially crystalline) 
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over millions of years.19,20,21,22,23,24 A number of chemically durable, stable, and flexible ceramic 

materials have been proposed as potential nuclear wasteforms such as zirconolite (CaZrTi2O7), 

monazite ((Ce,La,Nd,Th)PO4), hollandite (BaAl2Ti6O16), Zircon (ZrSiO4), perovskite (ABO3; A 

and B are cations occupied in different atomic positions of crystal structure), fluorite (AO2), and 

pyrochlore (A2B2O7).15,16,19,24,25 Multi-phase ceramic materials like Synroc (i.e., synthetic rock), 

have also been designed to incorporate a wide range of complex nuclear waste 

elements.19,25,26,27,28,29 Various forms of Synroc have been developed to immobilize nuclear waste 

elements including pyrochlore-type oxide (e.g., (Ca,Gd,U,Pu,Hf)2Ti2O7) enriched Synroc 

(Synroc-F), which has been developed for the disposal of nuclear waste from CANDU (Canada 

deuterium uranium) reactors.19,29,30,31,32 This multi-phase material has been observed to be 

efficient for the immobilization of nuclear waste with a loading of 50 wt % U/PuO2.19,29,32,33 

The pyrochlore-type crystal structure, which is the focus of this contribution, shows 

remarkable compositional diversity with over 500 compositions being known.34,35 The diverse 

chemistry of pyrochlore-type oxides has resulted in these materials having a range of 

technological applications such as catalysis, piezoelectricity, ferro- and ferri-magnetism, 

luminescence, giant magneto resistance, and ionic conductivity.36,37,38,39,40,41 The advantages of 

using pyrochlore-type oxides as nuclear wasteforms are the high compositional diversity, 

structural flexibility, chemical durability, and resistance to radiation induced damage of these 

materials.16,25,34,35,42,43  The pyrochlore-type crystal structure (A2B2O7; space group: ) is 

related to the fluorite structure (AO2, space group: ); however, it has two cation sites (vs. 

one in the fluorite structure) and one eighth fewer oxygen ions.16,34,35,42 The pyrochlore-type 

structure is shown in Figure 1.44 The A-site cations (A = La to Lu, Ca, Y, etc) are generally 

trivalent while the B-site cations (B = Ti, Sn, Ta, Zr, Hf, etc.) are tetravalent. It is also possible 
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for the A- and B-site cations to have oxidation states other than 3+ and 4+, respectively.16,34,42,45 

The A-site cations are in an eight coordinate-site within a distorted cubic polyhedra and the B-

site cations occupy a distorted octahedral environment. The structure has three distinct oxygen 

anion sites within tetrahedral interstices and one of the anion sites is vacant when the pyrochlore 

structure is perfectly ordered.42,46 The local environments for each oxygen anion site are OA4, 

OB4, and OA2B2.  

<Figure 1 near here> 

Anti-site disorder can occur among cation and anion sites in pyrochlore-type oxide 

materials depending on composition and the method used to synthesize these materials.47,48 Anti-

site disorder can also be driven by thermal treatment, the application of an external pressure, or 

implanting the material with an ion beam.47,49,50 The driving force for the degree of cation 

anti-site disorder is generally dependant on the ratio of the A- and B-site ionic radii (rA/rB). As 

the ionic radius ratio (rA/rB) decreases and approaches ~1.46, the ordered pyrochlore structure 

can transform to the defect fluorite structure (i.e., order-disorder phase transition) through the 

disordering of A- and B-site cations.16,48,50,51 Other factors, such as the covalency of the metal-

oxygen bonds and the electronic structure of the material, can also influence the transformation 

of the ordered pyrochlore-type structure to the disordered defect fluorite-type structure.16,52,53,54  

Pyrochlore-type oxides (A2B2O7) have received considerable attention for nuclear waste 

sequestration applications. It is important to understand how the electronic structure of these 

materials changes depending on composition and how the structure of these materials is affected 

by radiation. X-ray absorption near-edge spectroscopy (XANES) is a powerful technique that 

can be used to study the electronic structure of the materials as well as the effect of radiation 

induced structural damage on these materials.  The objective of this contribution is to 
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demonstrate how XANES can be used to extract important information on pyrochlore-type 

oxides, including: oxidation state, coordination number (CN), anti-site disorder, and the effect of 

radiation on the structure of the material. 

An overview of XANES 

 XANES spectra are collected using X-rays from a synchrotron radiation facility. The 

absorption of an X-ray photon by an atom can result in the excitation of a core electron into 

unoccupied atomic/molecular orbitals above the Fermi level (i.e., conduction and/or continuum 

states).  XANES is element specific and sensitive to the oxidation state, bonding environment, 

and local geometry around the absorbing atom.55,56,57,58,59  The absorption process mainly follows 

dipole selection rules (i.e., ∆l= ±1); however, quadrupolar transitions (i.e., ∆l= ±2) can also be 

observed in some circumstances. The focus of this contribution has been placed on studying 

materials using K-edge XANES spectra (excitation of 1s electrons) and L-edge XANES spectra 

(excitation of 2p electrons).55,56,57,58,59 A schematic diagram for representative K-edge and L-

edge transitions are shown in Figure 2. The L1-edge consists of 2s→np transitions whereas the 

L2,3-edge consists of 2p→ns/(n-1)d transitions. The most prominent transitions in K-edge spectra 

are from dipolar transitions (1s→np) but the observation of quadrupolar transitions (1s→(n-1)d) 

in the spectra is also possible.55,56,57,58,59 For example, Ti K-edge XANES spectra (cf. Figure 3) 

consist of a low intensity pre-edge (A) feature (1sà3d; quadrupolar transitions) and a higher 

intensity main edge (B,C) feature (1sà4p; dipolar transitions). The weak intensity pre-edge 

region (A) probes the d-states of a transition metal and is sensitive to the chemical 

environment.60,61,62,63 The intensity of pre-edge peaks can be increased by the addition of dipolar 

character through the overlap of d- and p-states. This p-d mixing can result from varying the 
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coordination environment (e.g., octahedral to tetrahedral geometry) of the absorbing atom or a 

distortion of the coordination environment.60,61,62,63 As illustrated in Figure 3a, decreasing the 

coordination number (Ti[6]→Ti[5]→Ti[4]) can result in an increase in the intensity of the pre-edge 

feature (A). Further, the absorption energies of the pre-edge and main-edge peaks are sensitive to 

the oxidation state and CN of the absorbing atom (see Figure 3b).60,61,62,63,64 

<Figure 2 near here> 

<Figure 3 near here> 

Examples of how XANES can be used to study the local structure 
and electronic structure of pyrochlore-type oxides 

Identifying oxidation states, bonding, and CN changes in pyrochlore-type 
oxides depending on composition 

 A unique advantage of using XANES to study materials is the ability of this technique to 

provide information on the local electronic structure of specific elements and to provide direct 

information on the effect of composition, structure, and synthetic method on oxidation state, CN, 

and bonding. XANES studies of Yb2Ti2-xFexO7-δ and Gd2Ti2-xSnxO7 are discussed below as an 

example of this utility.65,66  Yb2Ti2O7 has a large number of applications due to its remarkable 

chemical and physical properties. Some of these properties (e.g., ionic conduction) can be 

improved by introducing oxygen vacancies. It has been proposed that substitution of Fe into the 

B-site could affect the ionic conductivity of these materials; however, this would require that Fe 

adopt a 3+ oxidation state and that it preferentially substitutes for Ti4+ in the 6-coordinate B-

site.67  The application of XANES to study this system has allowed for this information to be 

determined.65 
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The Fe K-edge spectra from Yb2Ti2-xFexO7-δ are shown in Figure 4.  The intensity of the 

pre-edge peak was observed to increase as Fe was substituted for Ti and is a result of a decrease 

in CN.65 The intense main-edge region (B and C in Figure 4) can shift because of changes in CN 

and oxidation state.62,68 Feature B (and C) can shift to higher energy with increasing oxidation 

because of reduced screening of the nuclear charge. Fewer electrons are available to screen the 

nuclear charge with increasing oxidation state, requiring more energy to remove core electrons. 

Feature B can also shift because of a change in CN because of changes in the magnitude of final 

state relaxation that can occur as a result of a change in CN.  The lower the CN, the more final 

state relaxation that occurs which results in a lower absorption energy.62,69   Feature C results 

from a dipolar transition of 1s electrons to 4p states that are hybridized with O 2p states and 

changes with CN.62,68  As the CN decreases, the number of Fe 4p-O 2p final states available for 

1s electrons to be excited to also decreases, resulting in a decrease in the intensity of 

feature C.62,68,70,71  

The oxidation state of Fe in Yb2Ti2-xFexO7-δ can be determined by comparing the Fe K-

edge spectra to those from perovskite-type La1-xSrxFeO3-δ materials (Figures 4 and 5), which 

contain Fe3+ and/or Fe4+ depending on the Sr concentration.72 The pre-edge peak (feature A) in 

the Fe K-edge spectra from La1-xSrxFeO3-δ was observed to shift by ~+0.5 eV as Sr2+ was 

substituted for La3+ (Figure 5) because of the increased oxidation state of Fe (from Fe3+ to 

Fe4+).65 The centroid of the pre-edge peak for all Yb2Ti2-xFexO7-δ compositions was in good 

agreement with that for LaFeO3 (cf. Figure 5), implying that all Fe ions have a 3+ oxidation state 

in the Yb2Ti2-xFexO7-δ system. As has been explained earlier, the increase in intensity of feature 

A and the decrease in intensity of feature C in the Fe K-edge spectra from Yb2Ti2-xFexO7-δ 

(Figure 4) with increasing Fe incorporation implies that the Fe CN decreases. The shift of feature 
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B to lower energy with increasing Fe content is also a result of a decrease in the CN of Fe with 

increasing Fe content.65  This study confirmed that: (1) Fe adopts a 3+ oxidation state in 

Yb2Ti2-xFexO7-δ; (2) Fe substitutes into the B-side as the pre-edge peak intensity and energy is 

most similar to that of 6-coordinate Fe when the Fe concentration is low in these materials; and 

(3) Yb2Ti2-xFexO7-δ is oxygen deficient as the pre-edge peak intensity increased with greater Fe 

incorporation indicating that the B-site CN decreases with Fe substitution, which would require 

the presence of O vacancies.65 

<Figure 4 near here> 

<Figure 5 near here> 

 XANES can also be used to study how changes in composition can influence the 

electronic structure, including bond covalency, of pyrochlore-type oxides, which is demonstrated 

below through the examination of Gd2Ti2-xSnxO7 materials.66 The Ti K-edge spectra from 

Gd2Ti2-xSnxO7 are presented in Figure 6 and compare well to K-edge XANES spectra from 6-

coordinate Ti4+.65,73  Three features (A1, A2 and A3) are observed in the pre-edge region and result 

from both local and non-local excitations.73,74,75 Feature A1 in the pre-edge region results from 

pure local 1sà3d-t2g excitations. The low energy region of feature A2 results from local 

1sà3d-eg* excitations, while the higher energy region results from non-local (intersite-hybrid) 

excitations of 1s electrons to d- states of next-nearest neighbour atoms that overlap with Ti 4p 

states of the absorbing atom via O 2p states.74 Feature A3 is a result of pure non-local (intersite-

hybrid) excitations.74,75 

 The intensity of feature A1 was found to be invariant with Sn substitution in 

Gd2Ti2-xSnxO7 (Figure 6a); however, the intensities of features A2 and A3 were observed to 
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change considerably.66 The intensity of pre-edge features resulting from local excitations (e.g., 

A1; low energy side of A2) can change because of changes in CN or distortion of the local 

coordination environment.73,76,77 The intensity of feature A1 was not observed to change with 

change in composition indicating that the Ti CN remains nearly constant in this system, which 

follows with previous studies that have found limited anti-site disorder in these materials.54,78 

However, the intensities of feature A3 and the high-energy side feature A2 changed with a 

variation in composition.74,79 The decrease in intensity of these two features with greater Sn 

content is related to the concentration of unoccupied next-nearest neighbour d orbitals.79 As Sn is 

substituted for Ti, fewer unoccupied next nearest neighbour Ti 3d states are available for 1s 

electrons from the absorbing atom to be excited to, resulting in a decrease in the intensity of 

these features.  

The main-edge energy (feature B) was observed to shift to higher energy with greater Sn 

incorporation Gd2Ti2-xSnxO7 (Figure 6b), which could result from both ground-state and final 

state effects.66 Final-state effects occur due to the relaxation of electrons towards the core-hole 

produced during the excitation and are sensitive to changes in the chemical environment.69,80 For 

example, a lower CN results in greater final state relaxation effects due to the presence of fewer 

electrons in the first coordination shell that are available to screen the core-hole.62,69 

Ground-state effects, on the other hand, mainly occur due to changes in the charge and bonding 

environment of the absorbing atom, leading to a change in the screening of the nuclear charge of 

the absorbing atom. For example, feature B could shift to higher energy due to the development 

of a more positive charge on Ti with greater Sn substitution in Gd2Ti2-xSnxO7 as Sn is more 

electronegative than Ti (χsn  = 1.8  > χTi = 1.5).81 
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The partial density of states (DOS) from Y2Ti2-xSnxO7 were calculated to confirm if the 

shifts observed in the Ti K-edge XANES spectra from Gd2Ti2-xSnxO7 result from final-state or 

ground-state effects (Figures 7). (The intensity and absorption energy of the features found in the 

Ti K-edge spectra from the Y2Ti2-xSnxO7 series vary with Sn composition in a similar fashion to 

those observed in the spectra from Gd2Ti2-xSnxO7.66) The calculated Ti 3d and 4p conduction 

states shown in Figure 5 are involved in Ti-O anti-bonding interactions. The small negative shift 

in energy observed for the Ti 3d partial DOS (~ -0.3 eV) and the significant shift to higher 

energy observed for the Ti 4p partial DOS (~ +0.8 eV) with greater Sn content is in agreement 

with the Ti K-edge XANES spectra from Gd2Ti2-xSnxO7 (c.f. Figures 6 and 7). The DOS 

calculations confirmed that ground-state effects are primarily responsible for the changes 

observed in the spectra reported in this study, as the effect of a core-hole (i.e., final-state effects) 

was not considered in the calculations. As the Sn content increases in Gd2Ti2-xSnxO7, the more 

covalent Sn-O interaction leads to an increase in the ionic strength of the Ti-O bond to ensure 

charge balance, as Sn is more electronegative than Ti.81 As the ionic character of the Ti-O bond 

increases with greater Sn content, a more positive charge develops on Ti. This results in a 

reduced ground-state screening of the nuclear charge and is observed as a shift to higher energy 

with greater Sn incorporation of region B in the Ti K-edge XANES spectra.79   Whereas the 

previous example demonstrated the usefulness of comparing XANES spectra to those from 

standard materials to aid in interpretation, this example demonstrates the usefulness of using 

theory to aid in the interpretation of XANES spectra. 

The Sn L3-edge spectra from the Gd2Ti2-xSnxO7 series were also collected in this study to 

probe the effects of covalency on Sn as the composition was varied (Figure 8).66 The Sn L3-edge 

spectra displayed two features that resulted from 2p3/2à5s (Feature A) and 2p3/2à5d (Feature B) 
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excitations.82,83,84  The intensity of feature B decreased with greater Sn incorporation in the 

Gd2Ti2-xSnxO7 system. The observed decrease in intensity was attributed to the increased 

covalency of the Sn-O bond as Sn was substituted for Ti.66  With increasing covalency of the Sn-

O bond, the Sn 5d states share more electrons with the O 2p states, which results in fewer 

unoccupied Sn 5d states being available for Sn 2p electrons to be excited to and leads to a 

decrease in intensity of feature B in the spectra with increasing Sn content.  

<Figure 6 near here> 

<Figure 7 near here> 

<Figure 8 near here> 

Experimental considerations when using XANES to study local disorder 

The amount of cation antisite disorder that occurs in pyrochlore-type oxides depending on 

composition has been investigated in the past with somewhat conflicting results.85,86,87 For 

example, analysis of powder X-ray diffraction data from the Gd2Ti2-xZrxO7 system suggested that 

Ti and Zr can increasingly occupy the A-site with greater Zr incorporation.86,87 However, an 

examination of Ti L2,3- and O K-edge XANES spectra instead suggested that Ti remained in the 

B-site and that only Zr and Gd underwent antisite disorder as the Zr concentration increased.85  

Owing to the difficulty in assigning site occupancies to three different cations across two 

crystallographically different sites by Rietveld analysis of powder X-ray diffraction data, it can 

be difficult (although not impossible) to study anti-site disorder by XRD.  With respect to the 

Gd2Ti2-xZrxO7 system, the presence of Ti in the B site with Zr and Gd being disordered across the 

A and B sites can be rationalized by comparing the ionic radii of the smaller Ti4+ ions to the 
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larger Zr4+ and Gd3+ ions, as cation antisite disorder generally occurs when the A- and B-site ions 

are closer in size.42,88 Knowledge of the local structure is invaluable when investigating how the 

incorporation of actinides influences the properties and structural stability of these material over 

time. 

 The Ti K-edge XANES spectra were collected from Gd2Ti2-xZrxO7 materials and are 

presented in Figure 9.89 The shape of the pre-edge regions of the spectra from the Gd2Ti2-xZrxO7 

materials remained relatively constant as x increased from 0 to ~1 and are similar to that 

expected for Ti in a six-coordinate environment. These results are in agreement with multiple 

studies of these materials.77,85,90 

 Similar to Ti K-edge XANES spectra, Zr K-edge XANES spectra exhibit pre-edge and 

main-edge features that are a result of 1sà4d (≤ 18005 eV) and 1sà5p (≥ 18005 eV) transitions, 

respectively.91,92 Unlike in the Ti K-edge spectra, these regions are not clearly defined in the Zr 

K-edge spectra, which is a result of: 1) the reduced separation between 4d and 5p states 

compared to between 3d and 4p states, and 2) the resolution of XANES spectra decreasing with 

increasing excitation energy because of core-hole lifetime effects, among other reasons.64,92 The 

Zr K-edge spectra from Gd2Ti2-xZrxO7 materials are shown in Figure 10.89  As can be clearly 

seen, all of the spectra overlap regardless of the value of x. The lack of a significant change in 

the Zr K-edge XANES spectra might suggest that all Zr ions have the same coordination 

environment; however, the lower resolution of these spectra (relative to the Ti K-edge XANES 

spectra) may limit the ability of these spectra to provide accurate information on how the Zr CN 

changes with composition. This example represents a limitation of using K-edge XANES spectra 

from transition-metals located below the first-row to study CN and site occupancy changes. 

<Figure 9 near here> 
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<Figure 10 near here> 

Blanchard et al. have recently presented a study of RE2Zr2O7 (RE = La – Tm) oxides 

using diffraction and XANES to study changes in the long- and short-range order of these 

materials, and to study the transition between the pyrochlore- and defect fluorite-type 

structures.93  Unlike the Zr K-edge XANES spectra discussed above, the lower energy Zr L3-

edge XANES (2p à 4d transition) spectra are of a higher resolution, which is partly a result of 

the increased 2p core-hole lifetime (relative to the lifetime of the 1s core-hole), enabling a 

detailed analysis of how the Zr site occupancy changes depending on the rare-earth element.94.  

The Zr L3-edge spectrum was found to be highly sensitive to changes in the local coordination 

environment and demonstrates an increase in local disorder across the pyrochlore oxides.93  The 

double peaked nature of these spectra result from crystal field splitting of the 4d states (see 

Figure 11).  It was demonstrated in this study that the intensity ratio of these features and the 

crystal field splitting energy decreased with decreasing radius of the rare-earth element (see 

Figure 12).93  The increase in anti-site disorder with decreasing radius of the rare-earth ion 

results from the rare-earth and Zr ions becoming closer in size, which, as discussed above, is a 

key contributing factor to the presence of anti-site disorder.  The comparison of the sensitivity 

between spectra from the same element (Zr in this case) but collected at different edges (K vs. L) 

demonstrates the need to select the appropriate edge depending on the information needed. 

<Figure 11 near here> 

<Figure 12 near here> 
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The use of glancing angle XANES (GA-XANES) to understand how 

radiation affects the structure of pyrochlore-type oxides 

An introduction to GA-XANES 

 Pyrochlore-type oxides (A2B2O7) have been investigated for nuclear waste sequestration 

applications due to their overall resistance to radiation-induced structural damage. Simulator 

elements (e.g., Ce, Zr, Gd) can be used to mimic the chemistry of actinides and ion beam 

implantation studies can be performed to investigate how radioactive decay damages a 

material.16,50,52,55,87,95,96,97,98  It is necessary to use a technique that can selectively probe the 

damaged surface layer (typically only a few hundred nm thick) produced by ion beam 

implantation in order to investigate the resistance to radiation induced structural damage from 

materials.52,53,98,99 Hard X-ray XANES spectra (> 4 KeV) are often collected to study these 

materials; however, these measurements are not generally surface sensitive. The surface 

sensitivity of these hard X-ray XANES measurements can be improved using a glancing angle 

geometry.99,100,101,102 A schematic diagram for a glancing angle XANES (GA-XANES) 

experimental set-up is shown in Figure 13. In a GA-XANES experiment, the incident angle of 

the X-ray beam (generally called the glancing angle) is set to be just above the critical angle for 

total external reflection in order to selectively probe the surface layer. The surface sensitivity of 

the experiment generally increases with decreasing glancing angle.99,100,101,102  It is demonstrated 

below how GA-XANES can be used to study how the local structure of pyrochlore-type oxides 

is affected by ion-implantation. 

<Figure 13 near here> 
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An investigation of the structural stability of RE2Ti2O7 pyrochlore-type oxides 

In a recent study, GA-XANES spectra were collected from ion-implanted RE2Ti2O7 (RE 

(rare-earth)=La-Lu, and Y), Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fe0.15O7-δ materials to study how 

composition affects the resistance of pyrochlore-type materials to structural damage.103 The 

2 MeV Au- ions that were implanted in the surface region of the pellets of these materials were 

calculated to penetrate to a maximum depth of ~450 nm in these materials (Figure 14a) with the 

largest number of defects being generated at a depth of ~200 nm (Figure 14b).  

 Ti K-edge GA-XANES spectra were collected using glancing angles that provided X-ray 

attenuation depths of 100 nm and 450 nm to investigate the effect of ion implantation on the 

local coordination environment of Ti.103 (The change in X-ray attenuation length with glancing 

angle is demonstrated in Fig. 14a.) The Ti K-edge GA-XANES spectra collected at different 

glancing angles from RE2Ti2O7 (RE=Sm,Gd,Yb), Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ 

implanted to a dose of 5×1014 ions/cm2 are presented in Figure 15 and are compared to the Ti K-

edge XANES spectra from the undamaged materials.  It is necessary to implant proposed nuclear 

wasteform materials to such high doses so as to understand how these materials will respond to 

the decay of incorporated radioactive elements over a period of hundreds to thousands of years.16 

The pre-edge (A) and main-edge features (B,C) in the Ti K-edge GA-XANES spectra 

from RE2Ti2O7 (RE=Sm,Gd,Yb), Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ were found to 

change significantly upon ion implantation (Figure 15). The intensity of the pre-edge feature (A) 

increased while the intensity and energy of the main-edge feature (B,C) decreased as a result of 

ion implantation. All of these changes are a result of a decrease in the Ti CN, as a result of the 
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constituent ions becoming disordered in the near surface region of these materials upon Au ion 

implantation .62,63,64,76,77,103 

Comparison of the GA-XANES spectra collected from the ion-implanted RE2Ti2O7 

(RE=Sm,Gd,Yb) materials using a glancing angle that provides an X-ray attenuation depth of 

450 nm (Figure 16) showed that the ability of these materials to resist radiation-induced damage 

increased with decreasing radius of the RE cation. This conclusion was made based on the 

observation of a decrease in intensity of the pre-edge and an increase in the energy and intensity 

of the main-edge in the Ti K-edge XANES spectra from the ion-implanted materials as the RE 

cation was changed from Sm to Gd to Yb.103 A similar conclusion has been made previously 

based on examination of electron diffraction patterns from similar ion implanted materials.52  It 

has been proposed that as the radius of the RE cation decreases and approaches the radius of 

Ti4+, the tendency for the cations to undergo anti-site disorder increases and the materials are 

more likely to undergo a pyrochlore to defect-fluorite phase transition because of ion 

implantation instead of becoming amorphous.16,52,104 This study (along with similar studies) 

demonstrated the importance of the composition of a wasteform to the tolerance that these 

materials will have to radiation-induced structural damage.52 

<Figure 14 near here> 

<Figure 15 near here> 

<Figure 16 near here> 
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Summary 

 The further development of materials for the safe sequestration of nuclear waste requires 

detailed information on the effect of composition, electronic structure, and the effect of the decay 

of radioactive elements on the long-term stability of these materials.  The purpose of this 

contribution has been to demonstrate how XANES can be used to understand how the local 

structure and electronic structure of solid-state materials change depending on variations in 

composition, structure, and after being damaged.  The ability of this technique to study materials 

that have long-range order, short-range order, or are amorphous demonstrates the utility of this 

technique and the usefulness of this technique to the investigation of solid-state materials.  

Although this contribution has specifically focussed on the application of XANES to the study of 

pyrochlore-type (and related) oxides, it should be recognized that this technique has been 

successfully applied to the study of a large variety of materials that have a number of 

applications ranging from catalysis to superconductivity to photovoltaics to nuclear 

materials.103,105,106,107  Outside of demonstrating the usefulness of XANES to the study of 

pyrochlore-type oxides, a secondary purpose of this review has been to discuss some of the 

experimental considerations that must be made when using XANES to study material properties; 

from understanding how to control the depth sensitivity of the analysis to selecting the most 

appropriate edge to extract wanted information from the materials under study. 
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Figure captions: 

Figure 1:  A portion of the unit cell (1/8) of the pyrochlore-type structure of A2B2O7 is shown. 

The structure consists of AO8 in distorted cubic polyhedra (dark grey), distorted BO6 octahedra 

(light grey), and O atoms (dark grey spheres) occupy tetrahedral interstitial sites.  

Figure 2:  A representative energy diagram for transitions observed in K- and L-edge XANES 

spectra from first-row transition metals is shown.  

Figure 3:  (a) Ti K-edge XANES speactra from materials having 4-coordinate (Ba2TiO4), 5-

coordinate (Ba2TiSi2O8), and 6-coordinate (Gd2Ti2O7) Ti4+. The intensity and energy of pre-edge 

peak (A) are observed to change significantly with varying CN. These changes are also 

accompanied by changes in the main-edge features (B,C). (b) Ti K-edge XANES speactra from 

TiO2 (Ti4+)and Ti2O3 (Ti3+) are presented to demonstrate the energy shift observed with 

increaseing  oxidation state. 

Figure 4:  Fe K-edge XANES spectra from the Yb2Ti2-xFexO7-δ system. Feature A represents the 

pre-edge region (1sà3d excitations) while features B and C represent the main-edge region 

(1sà4p transitions). The pre-edge region (Feature A) of the spectra from Yb2Ti2-xFexO7-δ is 

shown in the inset. The changes in intensity or energy of features A, B and C with increasing Fe 

content are marked by arrows.  Reprinted from Journal of Physics and Chemistry of Solids, 74, 

E. R. Aluri, A. P. Grosvenor, An investigation of pyrochlore-type oxides (Yb2Ti2-xFexO7-δ) by 

XANES, 830 – 836 (2013), with permission from Elsevier. 

Figure 5:  The pre-edge region from the Fe K-edge XANES spectra for Yb2Ti2-xFexO7-δ (x=0.05, 

0.10), LaFeO3, and SrFeO3 are presented. The energies of the pre-edge peaks from all spectra 

from Yb2Ti2-xFexO7-δ are equivalent to that from the spectrum from LaFeO3. Reprinted from 
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Journal of Physics and Chemistry of Solids, 74, E. R. Aluri, A. P. Grosvenor, An investigation of 

pyrochlore-type oxides (Yb2Ti2-xFexO7-δ) by XANES, 830 – 836 (2013), with permission from 

Elsevier. 

Figure 6:  (a) Ti K-edge XANES spectra from the Gd2Ti2-xSnxO7 system. Feature A (A1, A2, and 

A3) represents the pre-edge region (1sà3d) whereas features B and C represent the main-edge 

region (1sà4p). The pre-edge region is shown in the inset and arrows mark the changes 

observed in the spectra with increasing Sn content. (b) The first derivative of the Ti K-edge 

XANES spectra from Gd2Ti2-xSnxO7 are shown. The vertical dashed lines represent the peak 

energies of feature B from the Gd2Ti2-xSnxO7 series when x = 0.0 and 1.5.  Reprinted from E. R. 

Aluri, A. P. Grosvenor, Phys. Chem. Chem. Phys. 2013, 15, 10477 with permission from the 

Royal Society of Chemistry. 

Figure 7:  (a) The partial DOS calculations of the Ti 4p states from Y2Ti2-xSnxO7 are plotted 

relative to the Fermi-level (0 eV). The vertical dashed lines represent the positive shift in energy 

(~+0.8 eV) observed with increasing Sn content. (b) The Ti 3d partial DOS calculations from 

Y2Ti2-xSnxO7 are presented and were observed to shift by ~ -0.3 eV with increasing Sn 

incorporation.  Reprinted from E. R. Aluri, A. P. Grosvenor, Phys. Chem. Chem. Phys. 2013, 15, 

10477 with permission from the Royal Society of Chemistry. 

Figure 8:  The Sn L3-edge XANES spectra from Gd2Ti2-xSnxO7 are presented. Feature A and B 

result from 2p3/2à4s and 2p3/2à5d transitions and Feature C (~3960 eV) results from 

multi-scattering resonances. Arrows mark the changes in intensity and absorption energy of 

features A, B, and C with increasing Sn concentration. Reprinted from E. R. Aluri, A. P. 
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Grosvenor, Phys. Chem. Chem. Phys. 2013, 15, 10477 with permission from the Royal Society 

of Chemistry. 

Figure 9:  Ti K-edge XANES spectra from the Gd2Ti2-xZrxO7 materials.  Reprinted from Journal 

of Alloys and Compounds, 565, J. D. S. Walker, J. R. Hayes, M. W. Gaultois, E. R. Aluri, A. P. 

Grosvenor, A case for oxygen deficiency in Gd2Ti2-xZrxO7 pyrochlore-type oxides, 44 – 49 

(2013), with permission from Elsevier. 

Figure 10:  a) Zr K-edge XANES spectra from some of the Gd2Ti2-xZrxO7 materials studied are 

presented.  Very little change in the spectra was observed with varying Zr concentration. 

Reprinted from Journal of Alloys and Compounds, 565, J. D. S. Walker, J. R. Hayes, M. W. 

Gaultois, E. R. Aluri, A. P. Grosvenor, A case for oxygen deficiency in Gd2Ti2-xZrxO7 

pyrochlore-type oxides, 44 – 49 (2013), with permission from Elsevier. 

Figure 11:  Fitted Zr L3-edge XANES spectra from (a) La2Zr2O7 and (b) Tm2Zr2O7, are 

presented.  The Zr L3-edge spectra were fitted to extract information on the Zr 4d crystal field 

splitting energy (ΔE) and to understand how the peak areas change depending on composition.  

Reprinted with permission from P. E. R. Blanchard, R. Clements, B. J. Kennedy, C. D. Ling, E. 

Reynolds, Inorg. Chem. 2012, 51, 13237 – 13244. Copyright (2012) American Chemical 

Society. 

Figure 12:  Plots of the crystal field splitting (ΔE) and the A:B intensity ratio (I A/(IB1 + IB2)) 

extracted from the fitted Zr L3-edge XANES spectra vs. the ionic radius ratio between the rare-

earth (rLn; i.e., rA) and Zr (rZr; i.e., rB) are presented.  Reprinted with permission from P. E. R. 

Blanchard, R. Clements, B. J. Kennedy, C. D. Ling, E. Reynolds, Inorg. Chem. 2012, 51, 13237 

– 13244. Copyright (2012) American Chemical Society. 
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Figure 13:  The experimental set up used to collect glancing angle XANES spectra using the 

20BM beamline at the Advanced Photon Source is shown. 

Figure 14:  (a) A plot of the Au- ion beam implantation depth profile from Yb2Ti2O7 calculated 

using SRIM-2013 is shown. A plot of glancing angle versus X-ray attenuation depth for 

Yb2Ti2O7 is also shown and was calculated for photons having an energy of 4966 eV (Ti 

K-edge). (b) A plot of the number of vacancies produced per Au- ion (defect-per-ion profile) in 

Yb2Ti2O7 is presented. Reprinted from Journal of Alloys and Compounds, 616, E. R. Aluri, A. P. 

Grosvenor, An investigation of the electronic structure and structural stability of RE2Ti2O7 by 

glancing angle and total electron yield XANES, 516 – 526 (2014), with permission from 

Elsevier. 

Figure 15:  Ti K-edge GA-XANES spectra collected at various glancing angles from (a) 

Sm2Ti2O7, (b) Gd2Ti2O7, (c) Yb2Ti2O7, (d) Yb2Ti1.85Fe0.15O7-δ, and (e) Yb1.85Ca0.15Ti2O7-δ 

implanted to a dose of 5×1014 ions/cm2 are shown along with the spectra from the undamaged 

samples. The glancing angles used were chosen to attain X-ray attenuation depths of 100 nm and 

450 nm. Arrows indicate the changes observed in features A-C in the spectra with decreasing 

glancing angle.  Reprinted from Journal of Alloys and Compounds, 616, E. R. Aluri, A. P. 

Grosvenor, An investigation of the electronic structure and structural stability of RE2Ti2O7 by 

glancing angle and total electron yield XANES, 516 – 526 (2014), with permission from 

Elsevier. 

Figure 16:  Ti K-edge GA-XANES spectra from the implanted (Sm,Gd,Yb)2Ti2O7 materials 

collected using a glancing angle that provided an X-ray attenuation depth of 450 nm are shown. 

Arrows mark the changes observed in the spectra as the RE was changed from Sm to Gd to Yb. 
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All materials were implanted with 2 MeV Au- ions to a dose of 5 x 1014 ions/cm2.  Reprinted 

from Journal of Alloys and Compounds, 616, E. R. Aluri, A. P. Grosvenor, An investigation of 

the electronic structure and structural stability of RE2Ti2O7 by glancing angle and total electron 

yield XANES, 516 – 526 (2014), with permission from Elsevier. 
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Figure 15  
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