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Abstract 
 

Oxides with the general formula A2B2O7 and the pyrochlore structure have drawn 

much attention in the field of radionuclides immobilization. The Gd2Zr2O7 

composition, in particular, has demonstrated high radiation resistance, making it an 

ideal host-matrix for encapsulating radioactive elements within the crystal structure. 

Despite the average structure, chemical composition can induce intrinsic structural 

distortions and control the degree of ordering of cations and anions in pyrochlore 

oxides, defining their response towards irradiation. To understand the origin of such 

distortions, an in-depth study of the structure at both the average and local scales is 

required. In the present thesis, a systematic investigation of three solid solutions 

related to the Gd2Zr2O7 composition is performed. Namely, the following solid 

solutions are examined: Gd2(Ti1-xZrx)2O7, (Nd1-xGdx)2Zr2O7 and Gd2(Zr1-xCex)2O7. 

All the samples are produced by solid-state synthesis and structural changes as a 

function of chemical composition are studied through High-resolution X-ray 

Diffraction (HR-XRD), laboratory Raman spectroscopy and the analysis of Pair 

Distribution Function (PDF). Cation antisite and anion Anti-Frenkel defects 

accumulate at the average scale as cations become similar in size. These defects are 

symptoms of structural distortions at the local scale and a weberite-type model is 

invoked for the description of the short-range order in the Gd2(Ti1-xZrx)2O7 system. 

Nevertheless, the deviation from the average structure at the local scale in disordered 

compositions appear to be more complex than a single structural model can describe.  
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Part 1  

Introduction 
 

Structure and superstructure 
 

The structure of pyrochlore compounds can be easily captured if considered in 

relation with the structure of fluorite (CaF2). In particular, a pyrochlore can be 

regarded as a ‘subtraction derivative’ of a fluorite. This concept has been clearly 

outlined by Yakubovich and co-workers in their work on Na2Fe2F7 in the context of 

Na2M
IIMIIIF7 compounds with a weberite structure1. The two essential features of a 

fluorite-like structure are the cubic close packing of cations and the coordination of 

anions, which remain invariable in all structure types related to the fluorite. The 

cations are arranged according to a face centered cubic lattice (fcc) and the anions 

are always four-fold coordinated in tetrahedral sites. Removing one or more anions, 

leads to the formation of ‘subtraction structures’ or ‘anion-deficient fluorite 

superstructures’, in which the change of the total charge and cations coordination 

allows to accommodate a wide range of metal ions with different sizes and valences. 

One can express the general formula of these fluorite-related structures by referring 

to the cell content of a fluorite, A4X8, where A is the sum of all cations and X that of 

all anions. The number of anion vacancies can be denoted with the subscript ‘y’ so 

that the general formula becomes A4X8-y; if y = 1 one can obtain the formula of a 

compound with the pyrochlore (e.g. Gd2Ti2O7), weberite (Na2MgAlF7) or zirconolite 
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(CaZrTi2O7) structure, if y = 2, a compound with a bixbyite (or C-type) structure (α-

Mn2O3) can be identified. The subscript can be even non integer and more complex 

compositions can be achieved with different cations/anions ratios, such as the 

δ-phase (Sc4Zr3O12)
2,3 or the murataite structure 

((Y,Na)6(Zn,Fe)5Ti12O29(O,F)10F4)
4,5. 

 

Fluorite  

 

As for the majority of structure types, the term fluorite primarily indicates the 

homonymous mineral. In this case, fluorite, with composition CaF2, owes its name 

to its use as flux agent in ores melting (from Latin fleure, ‘to flow’)6,7. The mineral 

crystallizes in the cubic crystal system, s.g. 𝐹𝑚3̅𝑚 (Z=4) with a cell constant af of 

approximately 5.45 Å. The fluorite structure is also typical of several binary oxides 

such as CeO2, ThO2, UO2 etc. The asymmetric unit consists of a cation and an anion, 

which occupy the special positions labeled 4a and 8c respectively (see Table 1.1). 

 

Atom Wyckoff letter Site symmetry x y z Occ. 

A 4a m3̅m 0 0 0 1 

X 8c 4̅3m 1/4 1/4 1/4 1 

  

As already stated, the cations define a fcc lattice, while the anions, which are placed 

in tetrahedral interstices, follow a simple cubic array8,9. Cations are 8-fold 

Table 1.1 Atoms and their corresponding crystallographic sites in the 

asymmetric unit of the fluorite structure. A and X represents generic cations 

and anions respectively 
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coordinated in perfect cubes, which share edges with one another (Figure 1.1). The 

general crystallographic formula for a fluorite-like compound can be written as 

VIIIAX2, where the Roman number indicates the anions coordination around the 

cation. 

 

 

In the context of this thesis, it is worth noticing that, beside the anions coordination, 

each cation in the fluorite structure has 12 nearest neighboring cations, forming a 

cubo-octahedral cage9 (see Figure 1.2). Since the atoms are in special positions with 

all fixed coordinates, the first metal-to-metal interatomic distance can be calculated 

from the cell constant as 𝑎𝑓
√2

2
. 

  

Figure 1.1 Fluorite structure with coordination 

polyhedra of cations highlighted in yellow. Anions are 

in red. 
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Figure 1.2 Cubo-octahedredron of cations (yellow) surrounding 

each cation in the fuorite structure. The anions in red are visible 

within the tetrahedral interstices.  
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Pyrochlore 

 

The name pyrochlore, from the Greek πΰρ, fire, and χλωρός, green, was given by J.J. 

Berzelius to a cubic mineral found in Norway that gave a green flame when 

ignited10,11 with general composition (Na, Ca)(Nb, Ta)O6(F,OH). Currently, the term 

pyrochlore refers to a supergroup of minerals with general formula 

VIIIA2-m
VIB2

IVX6-w
IVY1-n, where the Roman numbers indicates the coordination of the 

corresponding crystallographic site and the subscripts m, w and n are used for 

possible incomplete occupancy of A, X and Y sites12. A and B are usually reserved 

to cations, whereas X and Y are occupied by anions. Pyrochlore oxides have general 

formula A2B2O7 and crystallize in the cubic crystal system, s.g. 𝐹𝑑3̅𝑚 (Z=8) with a 

cell constant ap of approximately 10.4 Å. The cation A is usually large (radius ≈ 1.0 

Å) with 2+ or 3+ valence, while the cation B is typically smaller with 5+ or 4+ 

valence11–14. The present thesis will focus on 3+/4+ compositions and a general 

scheme of possible of A- and B-site cations is provided in Figure 1.3. It should be 

noted that not all combinations of elements produce a stable pyrochlore phase, and 

this largely depends on the ionic radii ratio rA/rB. Considering ambient conditions, a 

pyrochlore phase is formed when rA/rB is in the range 1.46 (Gd2Zr2O7)-1.78 

(Sm2Ti2O7)
5,11. For rA/rB values lower than 1.46, cations become more similar in size 

and a defect fluorite structure is formed. On the other hand, when rA/rB exceeds 1.78, 

a monoclinic perovskite layered structure is favored (e.g. La2Ti2O7)
15,16. In the 
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presence of Ce4+, formally at the B-site of the structure in A2Ce2O7 compositions, 

the bixbyte structure may form17–20.  

 

 

  

Figure 1.3. Possible combinations of cations in a A2
3+B2

4+O7 

pyrochlore oxide [adapted from Ref. 11]. 
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The pyrochlore structure can be regarded as an anion-deficient superstructure 

(A4X8-y, y=1) of the fluorite structure with ap = 2af, where ap and af are the lattice 

constants of pyrochlore and fluorite respectively. The doubling of the cell parameter 

with respect to the fluorite hints an additional atomic ordering within the pyrochlore 

structure. In fact, cations are distributed over two different crystallographic sites, 

while anions and anion vacancies are placed in three distinct interstices. The 

coordinates of the atoms in the asymmetric unit of the pyrochlore structure are listed 

in Table 1.2. Within the origin choice 2 of space group 𝐹𝑑3̅𝑚, two different settings 

are possible, depending on which cation is placed at the origin11,21,22. In the following 

discussion the setting 2 will be adopted. 

 

 Atom Wyckoff letter Site symmetry x y z Occ. 

setting 1 

A 16c .3̅m 0 0 0 1 

B 16d .3̅m 1/2 1/2 1/2 1 

O1 48f 2.mm xa 1/8 1/8 1 

O2 8b 4̅3m 3/8 3/8 3/8 0 

O3 8a 4̅3m 1/8 1/8 1/8 1 

setting 2 

A 16d .3̅m 1/2 1/2 1/2 1 

B 16c .3̅m 0 0 0 1 

O1 48f 2.mm xa 1/8 1/8 1 

O2 8b 4̅3m 3/8 3/8 3/8 1 

O3 8a 4̅3m 1/8 1/8 1/8 0 

 

a
 x value is in the range 0.4375-0.375 for setting 1 (see Ref. 21) or in the range 

0.3125 -0.375 for setting 2 (see main text).  

Table 1.2 Atoms and their corresponding sites in the asymmetric unit of the 

pyrochlore structure. A and B are generic cations, while the sites for anions and 

anion vacancies are indicated by numbered oxygen symbols.  
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The pyrochlore structure has been extensively described in the work of Subramanian 

and co-workers11 and hereafter the most significant features will be presented. 

As starting point, one can imagine having a fluorite oxide with two different cationic 

species. In that case, the general formula of the unit cell content would be 

VIII(A,B)4O8. The introduction of an oxygen vacancy, randomly distributed over the 

tetrahedral interstices, reduces the average coordination number of cations to seven 

and the general formula becomes VII(A,B)4O7. One can refer to this composition as 

anion-deficient fluorite or defect-fluorite. To produce a pyrochlore ordering, two 

alternate [110] rows of cations A and B are then arranged in every other (001) plane 

(and in [-110] in the other (001) planes) (see Figure 1.4). The ordering of cations 

leads to a doubling of the unit cell and the overall symmetry is reduced in such a way 

that the new space group is 𝐹𝑑3̅𝑚. Considering one eighth of the unit cell, the 

general formula of the pyrochlore compound is now VIIIA2
VIB2O7. 

 

 

 

 

 

 

  

Figure 1.4 Ordered rows of A (violet) and B (blue) 

cations parallel to the [110] direction in the (001) 

plane. Oxygen atoms are omitted for clarity. 
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Looking at the cubic close packing. of cations, the pyrochlore structure is built by 

alternating layers of A3B and AB3 cations stacking along the [111] direction23,24 

(Figure 1.5). 

 

 

 

This kind of cations stacking generates three types of tetrahedral interstices where 

oxygen atoms and vacancies are ordered. The oxygen placed at the 8b site (O2, see 

Table 1.2) are at the center of A4 tetrahedra, those at the 48f site (O1) are coordinated 

by two A- and two B-cations in A2B2 tetrahedra, while nominally vacant 8a sites 

(O3) are at the center of B4 tetrahedra (see for example Figure 1.6a). In a description 

of the pyrochlore structure equivalent to the fluorite, the O1 oxygen atom occupies 

the 48f site at coordinates (3/8, 1/8, 1/8). In reality, O1 provides electrostatic 

shielding to the four B-cations exposed across the O3 vacancy by shifting from this 

ideal position towards the vacancy along <100> directions. The larger A-O1 distance 

Figure 1.5 A3B (colored, top) and AB3 (grey, bottom) layers of 

cations stacking along the [111] direction. A-cations are in 

violet, B-cations are in blue. 
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compared to the B-O1 distance also contributes to the shift25. The displacement of 

O1 is expressed by the ‘x48f’ coordinate (see Table 1.2), which will be designated as 

xO1 hereafter. The presence of an ordered anion vacancy (O3) implies that the 

coordination number of the A-cation is 8 (like in the fluorite structure), while that of 

the B-cation is 6 (Figure 1.6b). Furthermore, the shift xO1 causes a distortion of the 

cations coordination environment. In particular, two limiting values of xO1 define 

the shape of cations coordination polyhedra as follows: when xO1 = 0.375, the A-

coordination polyhedron is a perfect cube, while that of B-cations is a trigonally 

flattened octahedron; the other limiting value for xO1 is 0.3125 and, in that case, A 

is in a distorted cube and B is in a regular octahedron. Experimentally, xO1 is in 

between those values, so that A is in a scalenohedron surrounded by six O1 and two 

O2 oxygen atoms with two set of distances (6 A-O1 + 2 A-O2), while B is in a 

trigonal antiprism coordinated by six O1 oxygen atoms at equal distance (Figure 

1.6b). The coordination environment around A-cations can be better visualized 

looking at the AB3 plane of the pyrochlore structure projected along the [111] 

direction (Figure 1.7). In this view, the pyrochlore structure appears to be composed 

of corner-shared BO6 octahedra, which form hexagonal tungsten bronze-like layers 

parallel to (111) planes11,23. A-cations are placed in the hexagonal cavities of this 3D 

framework and are coordinated by six O1 oxygen atoms forming a chair-like ring 

and two anions O2 in a linear arrangement, with A-O2 shorter than A-O1 distances.  
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Regarding the cations coordination, it should be mentioned that, in analogy with the 

fluorite structure, the first metal coordination shell around any metal in the 

pyrochlore structure consists of 12 cations (six A and six B) placed at the corners of 

a cubo-octahedron, at a distance from the central cation of 𝑎𝑝
√2

4
 . 

 

 

b 

a 

B 

O2 

O3 

O1 

A 

Figure 1.6 Detail of the pyrochlore structure represented by the coordination 

polyhedra of (a) anions and (b) cations. (O1)A2B2 tetrahedra are not shown for 

clarity. While A-cations are 8-fold coordinated by six O1 and two O2 oxygen 

atoms, O3 vacancies reduce the coordination number of B-cations to 6.  
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O2 

O3 

O1 

A 

BO
6
 

Figure 1.7 At the top, the pyrochlore structure projected along the [111] 

direction and a detail of the hexagonal cavity formed by BO6 octahedra. At 

the bottom, other view of the hexagonal cavity with the O2-A-O2 fragment 

and the chair-like ring of O1 oxygen atoms. 
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Weberite-type 

 

The archetype structure of weberite materials is that of the reference mineral 

Na2MgAlF7, which was found in Greenland and named after the Danish industrialist 

Theobald Weber23,26. It crystallizes in the orthorhombic crystal system, s.g. 𝐼𝑚𝑚𝑎 

(Z=4) with cell constants of approximately 7.5, 10 and 7.3 Å (see 1,23 and references 

therein). The cell metrics can be easily obtained from that of a pyrochlore structure 

by a 45° rotation around one of the cubic axes. Given 2af as the cell parameter of a 

pyrochlore structure (where af  represents the lattice constant of a fluorite), a weberite 

structure has cell edges approximately af√2, 2af  and af√2 23,27. As for the pyrochlore, 

the weberite can be regarded as a subtractive derivative of the fluorite structure 

(A4X8-y; y = 1), but with superior cationic ordering with respect to the pyrochlore1. 

A general formula for materials adopting the weberite structure may be written in the 

form VIIIA1VIIIA2VIB1VIB2X7, where A and B are generic cations and X represents a 

generic anion (usually F- or O2-). This formula highlights the presence of four distinct 

crystallographic sites for cations, two in 8-fold and two in 6-fold coordination, 

allowing for a great chemical variability within the structure. Being a superstructure 

of the fluorite, the weberite retains the fcc arrangement of cations, with A3B and AB3 

layers stacking along the [011] direction. Pyrochlore and weberite differ precisely in 

the stacking of two adjacent A3B and AB3 layers23.  

Several modifications of the archetype weberite structure exist, which not only 

crystallize in the orthorhombic (O), but also in the monoclinic (M) and trigonal (T) 
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crystal systems. These variants are classified according to the IMA (International 

Mineralogical Association) nomenclature as follows: a capital letter indicating the 

crystal system is preceded by the number of slabs of cations in the unit cell (2O, 2M, 

3T etc.). Each slab consists of one A3B and one AB3 layer1,23. A variant of the 

weberite structure relevant to this work is the so called ‘weberite-type’ structure. It 

is related to the canonical 2O weberites, but the typical layers with BO6 and AO8 

polyhedra alternate with layers where A-cations are 7-fold coordinated (see for 

example Figure 1.8). Unlike weberites (or pyrochlores), the three-dimensional BO6 

network is not preserved in weberite-type materials23.  

 

 

 

 

 

 

  

Figure 1.8 Unit cell of weberite-

type structure A3BO7 in 𝐶𝑐𝑚𝑚  

space group along [001]. A-site 

cations 8-fold coordinated are in 

purple polyhedra and B-site 

cations 6-fold coordinated are in 

green polyhedra; the 7-fold 

coordinated sites occupied by A-

site cations are in blue. Oxygen 

atoms are represented by red 

spheres. 
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The weberite-type structure is found in Ln3BO7 compounds where Ln is a lanthanide 

element (La → Gd) and B is Nb or Ta23,27–29. In recent years, the weberite-type 

structure has been employed to describe the local order in disordered A2B2O7 

materials adopting a long-range defect fluorite structure30,31. The atomic positions 

for a weberite-type A2B2O7 compound in space group Ccmm (alternative setting of 

space group Cmcm, n°63) are listed in Table 1.3. In analogy with the pyrochlore 

structure, A-cations are placed in 8-fold coordinated sites, indicated by the Wyckoff 

letter 4b, while B-cations occupy 6-fold coordinated sites, labelled 4a in Table 1.3. 

The oxygen anions are ordered in four crystallographic sites, three with multiplicity 

four (4c) and one with multiplicity 16 (16h). The anion vacancy is located at a 4c 

site as well (not shown in table 1.3). In contrast with the pyrochlore structure, an 

additional 7-fold coordinated site is present (8g) and it is shared by both cations30,32. 

Further details on the weberite-type structural model will be given in the section 

dedicated to the Gd2(Ti1-xZrx)2O7 solid solution (Part 3). 

 

Atom Wyckoff letter Site symmetry x y z Occ. 

A 4b 2/m.. 0 1/2 0 1 

B 4a 2/m.. 0 0 0 1 

A/B 8g ..m 0.230 0.244 0.25 1 

O1 16h 1 0.125 0.227 0.970 1 

O2 4c m2m 0.084 0 1/4 1 

O3 4c m2m 0.125 1/2 1/4 1 

O4 4c m2m 0.844 1/2 1/4 1 

  

Table 1.3 Atoms and their corresponding sites in the asymmetric unit of the 

weberite-type structure in Ccmm space group. Coordinates are taken from 

Ref. 30. Fixed coordinates are shown as fractions or zeros. 
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Bixbyte  
 

Another fluorite-related superstructure is the bixbyte, also known as C-type, which 

was originally identified in the mineral (Fe,Mn)2O3 and named after the mineral 

dealer Maynard Bixby33,34. In the case of the C-type structure, the general formula 

A4X8-y; has y = 2. With respect to the fluorite structure, one fourth of the oxygen ions 

is removed along <111> directions and the structure relaxes in such a way that the 

regular cubes, which are the cations coordination polyhedra in the fluorite, becomes 

distorted octahedra34,35. The ordering of the anions and vacancies results in a 

doubling of the unit cell parameter (ac) with respect to the fluorite (e.g. Gd2O3, with 

ac ≈ 10.81 Å36) and a reduction of the overall symmetry to space group 𝐼𝑎3̅35,37.  

The C-type structure is typically adopted by sesquioxides of rare earth elements with 

3+ valence from Sm to Lu34,38. The metal atoms are distributed over two independent 

crystallographic sites; M1 and M2, with multiplicity 8 and 24 respectively, while 

anions occupy one site with multiplicity 48 (see Table 1.4). When tetravalent cations 

(typically Ce4+, but also Zr4+) are introduced and a solid solution is formed, excess 

anions balancing the positive charge may be incorporated at the 16c site (x, x, x), 

ideally increasing the cations coordination from 6 to 8 (Figure 1.9)35,39,40.  
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Atom Wyckoff letter Site symmetry x y z Occ. 

M1 8b .3̅. 1/4 1/4 1/4 1 

M2 24d 2.. -0.0188 0 1/4 1 

O1 48e 1 0.388 0.139 0.376 1 

O2 16c .3. 0.401 0.401 0.401 a 

a Occupation of O2 site follows that of an additional tetravalent cation introduced at the M1 and M2 

sites. 

 

 

  

Figure 1.9 Coordination polyhedra of M1 (violet) and M2 (green) cations. O1 sites are 

shown as red spheres, while O2 sites are represented by yellow spheres. 

Table 1.4 Atoms and their corresponding sites in the asymmetric unit of the 

C-type structure. Coordinates are taken from Ref. 35. M1 and M2 represent 

the cation sites, while O1 and O2 are the anion sites. Fixed coordinates are 

shown as fractions or zeros. 
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Structural disorder in pyrochlore oxides 

 

The pyrochlore structure can easily accommodate disorder. For example, the 

presence of atoms with an active lone pair such as Bi3+ might induce distortions and 

introduce disorder within the pyrochlore structure. In systems like Bi2(Hf1-xTix)2O7, 

static disorder was modelled by displacement of Bi and O atoms towards interstitial 

sites 96g (x, x, z), 96h (0, y, -y) and 32e (x, x, x)41. However, the most common defects 

that can affect a pyrochlore structure are cation antisite and anion Anti-Frenkel 

defects. These can be expressed in Kröger-Vink notation as follows2,42: 

 cation antisite defects  𝐴16𝑑
⨯  +  𝐵16𝑐

⨯  → 𝐴16𝑐
′  + 𝐵16𝑑

•   

 anion Anti-Frenkel defects  𝑂48𝑓
⨯ +  𝑉8𝑎

⨯ → 𝑉48𝑓
••  + 𝑂8𝑎

′′   

      𝑂8𝑏
⨯ +  𝑉8𝑎

⨯ → 𝑉8𝑏
••  + 𝑂8𝑎

′′  

Cations at the 16c (B) and 16d (A) sites exchange places, while anions at the 48f 

(O1) or 8b (O2) sites move to the interstitial 8a (O3) site leaving a vacancy behind. 

Studies on ionic transport in pyrochlore oxides have identified the movement of 

oxygen ions to the interstitial site with vacancy at the 48f site as the most probable 

intrinsic defect in the anionic substructure43–45. The xO1 parameter acts as a marker 

for the presence of defects in pyrochlore oxides46. Specifically, as anion Anti-Frenkel 

defects form at the 48f and 8a sites, a repulsive interaction arises between the freshly 

occupied O3 position and the remaining O1 oxygen ions. At the same time, the 

formation of cation antisite defects, with smaller B- substituting larger A-cations, 
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leads to a reduction of the average A-O1 distance25. These phenomena result in a 

diminishing of the shift of oxygen O1 from its ideal position (3/8, 1/8, 1/8) and an 

increase of xO1 towards the ideal coordinate 0.375. The coupling of cation antisite 

and anion Anti-Frenkel defects is associated with a disordering mechanism that takes 

the structure from a perfectly ordered state (defects-free pyrochlore, where xO1 = 

0.3125) to an intermediate disordered state (defect or disordered pyrochlore) and, 

eventually, to a fully disordered state (defect fluorite, where xO1 = 0.375)11,25,47–49.  

 

In the context of radionuclides immobilization, the waste form is subjected to 

radiation damage, which, in turn, is related to the accumulation of disorder within 

the structure. It has been established that, when exposed to irradiation, pyrochlores 

are prone to form both cation antisite and anion Anti-Frenkel defects. Ultimately, 

defects accumulation can trigger an order-disorder phase transition at the long-range 

scale, resulting in either a transformation from the pyrochlore to the defect fluorite 

structure or even amorphization50. The tendency of a pyrochlore compound to 

undergo a phase transition to the defect fluorite or amorphous state (i.e. its radiation 

tolerance) can be related to structural considerations and defects formation 

energies42,51. It was already mentioned that not all possible combinations of A3+/B4+ 

cations can generate a stable pyrochlore phase. In this regard, the radii ratio rA/rB was 

the first parameter used to define the stability field of pyrochlore oxides52. Besides 

the radii ratio rA/rB, Minervini and co-workers proposed another method to delineate 

the pyrochlore stability field. They used atomistic simulations based on energy 
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minimization of the pyrochlore structure described with a Born-like model to derive 

contour maps of cation antisite and anion Anti-Frenkel defects formation energies as 

a function of rA and rB
42. They first highlighted that A2B2O7 compounds with positive 

reaction enthalpy with respect to the binary A2O3 and BO2 oxides would never form 

stable pyrochlore phases. Then, they calculated the formation energy of a cation 

antisite defect coupled with an anion Anti-Frenkel defect (disorder energy) for 

several combinations of A- and B-cations. A2B2O7 compositions with a disorder 

energy per defect above 0.7 eV have the tendency to form stable pyrochlore phases. 

Those that lie below this threshold are prone to disorder and form defect-fluorite 

structures. The authors noticed that this criterion based on defects formation energies 

performed slightly better than the one based on the radii ratio in defining the stability 

of pyrochlore phases. Nevertheless, low defect formation energies were associated 

with high radiation resistance in pyrochlore or fluorite oxides. These materials can 

easily accommodate disorder in the crystal structure when subjected to irradiation. 

On the other hand, compositions with high defects formation energies, or large size 

mismatch between cations, are destabilized by the introduction of defects and 

therefore tend to amorphize under irradiation51. Remarkably, this behavior is 

exemplified in pyrochlore oxides with composition Gd2(Ti1-xZrx)2O7. Ti-rich 

samples are subjected to amorphization when exposed to high radiation doses. In 

contrast, Zr-rich samples are less susceptible to radiation-induced amorphization. 

Notably, the Gd2Zr2O7 endmember does not undergo an amorphization process, but 

instead, a phase transition to the defect fluorite structure occurs53. Considering the 
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ionic radii of Gd3+ in 8- fold coordination (rGd3+ = 1.053 Å) and Zr4+and Ti4+ in 6-

fold coordination (rZr4+ = 0.72 Å, rTi4+ = 0.605 Å)54, the introduction of Zr in place 

of Ti in the structure of Gd2(Ti1-xZrx)2O7 compositions, leads to a decrease in the 

value of rA/rB. This implies that the cations become more similar in size and the 

energy for the formation of defects is reduced, allowing for the transformation into 

a defect fluorite composition (A,B)4O7. Conversely , the formation of a defect 

fluorite structure in samples with a large mismatch between cations radii (e.g. 

Gd2Ti2O7) is not favorable and, therefore, the irradiation process and, the consequent 

defects formation, leads directly to an amorphous state51. It should be emphasized 

here that in general Gd2Ti2O7 adopts an ordered and nearly defect-free pyrochlore 

structure, whereas Gd2Zr2O7 already contains a certain amount of defects, which are 

the key features for its radiation resistance. In fact, as previously highlighted by 

Sickafus et al. in 2000, materials that already possess a certain degree of disorder 

exhibit high radiation tolerance and can readily accommodate additional disorder 

within their crystal structure when exposed to high radiation doses51. For this reason, 

Gd2Zr2O7 is regarded as an ideal waste form for the immobilization of radionuclides. 

 

Not only does the ordering of cations and anions influence the response towards 

irradiation of pyrochlore oxides, but it has also a profound impact on other physical 

properties. In their foundational work on structural disorder and ionic conductors, 

Moon and Tuller observed a sharp increase in oxygen ion conductivity in the solid 

solution Gd2(Ti1-xZrx)2O7 passing from the Ti- to the Zr-endmember. This increase 
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was related to the growing presence of anion Anti-Frenkel defects resulting from Zr-

doping55–59. In fact, the anion Anti-Frenkel defects provide the necessary oxygen 

vacancies that are the charge carries in these pyrochlore systems, ultimately 

enhancing the ionic conduction43,44,55. The increase in oxygen ion conductivity 

follows the reduction of rA/rB in the Gd2(Ti1-xZrx)2O7 system, although a saturation 

is reached at about 0.60 of Zr fraction55,60. Excessive structural disorder can diminish 

or even have a detrimental effect on ionic conductivity. Indeed, depending on the 

annealing temperature, Gd2Zr2O7 can be prepared as either pyrochlore or defect 

fluorite phase11. Notably, higher conductivity is achieved in the former case61. This 

result may be explained by considering that preferential pathways for oxygen jumps 

exist in an ordered pyrochlore structure compared to a disordered defect fluorite 

structure43. The degree of ordering clearly influences the oxygen ion conductivity in 

a pyrochlore or defect fluorite material and, in particular, clusters of defects 

determines to which extent ions interact and diffuse through the structure60,62. 

Structural distortions and reorganization induced by defects have also other 

implications. For example, distortions induced by chemical substitution in medium- 

and high-entropy pyrochlore oxides appear to play a major role in the reduction of 

thermal conductivity63,64. Considering the case of Gd2Zr2O7, the presence of cation 

antisite and anion Anti-Frenkel defects alone does not affect much its thermal 

conductivity. As already mentioned, Gd2Zr2O7 can be synthesized as either 

pyrochlore or defect fluorite phase11,65 and it shows the same thermal conductivity 

in both cases65. However, it has been reported that the thermal conductivity in the 



 
 

27 
 

series Gd1.6Ln0.4Zr2O7 (with Ln = La3+, Nd3+, Sm3+, Dy3+ and Er3+) changes with 

lanthanide substitution66. The La-doped sample has a lower thermal conductivity 

than Gd2Zr2O7, although the value is not as low as one would expect merely on the 

basis of mass and size difference between La and Gd.  The larger and lighter La3+ 

ions act as point defects in Gd2Zr2O7, locally distorting the structure. These defects 

easily scatter phonons, reducing their mean free path. As a consequence, the thermal 

conductivity by lattice vibrations decreases67,68. At the same time, the La-substitution 

produces a pyrochlore structure with anion vacancies more ordered (i.e. with less 

anion Anti-Frenkel defects) than in pristine Gd2Zr2O7. The ordering process 

mitigates the phonons scattering by substitutional defects, limiting the reduction of 

thermal conductivity66.    

 

Compositionally induced disorder  

 

The focus of this work is the observation that structural disorder is present in 

pyrochlore oxides and can be enhanced solely through chemical substitution. This 

phenomenon has been reported in early investigations on the Gd2(Ti1-xZrx)2O7 

system69–71. Hess and co-workers studied the compositionally driven pyrochlore to 

defect fluorite phase transition in Gd2(Ti1-xZrx)2O7 pyrochlores prepared at 1600°C70. 

XRD patterns revealed a step-like behavior in the phase transition. In fact, all the 

samples crystallized in the pyrochlore structure except for the Gd2Zr2O7 endmember, 

which adopted a defect fluorite structure. Furthermore, by means local probes such 
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as Extended X-ray Absorption Fine Structure (EXAFS) and vibrational 

spectroscopy, progressive anion disorder was detected with increasing Zr 

substitution across the entire compositional range. EXAFS data indicated a gradual 

change in the coordination environment of Gd from a pyrochlore-like configuration 

(6+2 oxygen nearest-neighbors, two set of distances) in Gd2Ti2O7 to a defect fluorite-

like environment (7 oxygen nearest-neighbors at a single distance) in Gd2Zr2O7. In 

contrast, the coordination of Ti and Zr showed no significant changes with chemical 

substitution, suggesting a similarity in the (Ti/Zr) site local environment between 

pyrochlore compositions and the defect fluorite compound.  

Structural disorder was induced also by introducing different elements at the Gd-site 

in Gd2Zr2O7. Blanchard and colleagues completed a systematic study of the 

lanthanoid Ln2Zr2O7 series (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm)72. 

X-ray and neutron diffraction patterns were used to assess the average structure of 

the samples. A pyrochlore structure was found for lanthanide elements from La to 

Gd, whereas a defect fluorite structure was detected in the case of Ln = Tb → Tm. 

A tetragonal fluorite-like phase with formula (Ce,Zr)O2 was obtained in the case of 

Ce. Interestingly, Gd2Zr2O7 is placed at the boundary between pyrochlore and defect 

fluorite with a rA/rB =1.46. The analysis of crystal field splitting derived by Zr-L3 

edge XANES allowed Blanchard and colleagues to study the coordination number 

(CN) of Zr as a function of rA/rB in this lanthanide series. A progressive increase in 

CN was observed for pyrochlore compositions, while no significant changes were 
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detected for defect fluorite samples. This result was interpreted as a continuous 

transformation of Zr-coordination environment from pyrochlore-like (6-fold 

coordination) to defect fluorite -like (7-fold coordination) in the series. 

In the last decade, the effects of chemical substitution on structural disorder in 

different pyrochlore oxides related to Gd2(Ti1-xZrx)2O7 have been documented by 

several studies. Systems like Y2(Ti1-xZrx)2O7
73, Y2(Sn1-xZrx)2O7

74,75, 

Y2(Ti1-xHfx)2O7
76 and (Gd1-xTbx)2Zr2O7

77
 have been extensively characterized by 

diffraction and spectroscopic tools. The reports focused on the emergence of cations 

and anions disorder with decreasing rA/rB, which drives the pyrochlore to defect 

fluorite phase transition. Diffraction methods were employed to investigate the long-

range order, while spectroscopic tools such as vibrational spectroscopy, X-ray 

absorption spectroscopy (XAS), solid-state nuclear magnetic resonance (NMR), and 

the analysis of Pair Distribution Function (PDF) from total scattering data were used 

to explore the atomic arrangement at the local scale. In this scenario, a recent study 

by Drey et al. focused on the Ho2(Ti1-xZrx)2O7 solid solution31. Analyses with 

synchrotron X-ray and neutron diffraction confirmed an abrupt phase transition from 

pyrochlore (Ho2Ti2O7) to defect fluorite (Ho2Zr2O7) within a narrow compositional 

range around 0.60 of Zr fraction. Conversely, the PDF analysis based on both X-ray 

and neutron data revealed a gradual increase of disorder in the short-range structure, 

which was modeled using the weberite-type. The study suggested that, on Zr-

substitution, nanodomains with the weberite-type structure progressively 
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accumulated within the pyrochlore matrix until a critical density is reached and a 

phase transition at the average scale is triggered. This work clarifies the relationship 

between changes in chemical composition and the extent of structural disorder in 

pyrochlore oxides across various length scales: despite having the same average 

structure, pyrochlore oxides can exhibit varying degrees of local-scale disorder 

depending on their composition. Recently, weberite-like domains have been 

extensively recognized as building blocks of the local structure of several pyrochlore 

oxides subjected to disordering processes by mechanical milling122,191, 

irradiation123,192–194 and chemical substitution31,195–197.  

To summarize, the ordering of cations and anions in Gd2Zr2O7 and related pyrochlore 

compositions can be modified by chemical substitution resulting in a change of 

physical properties. The study of these ordering phenomena in pyrochlore materials 

is fundamental in view of their application as host-matrices for radionuclides 

disposal. 

 

 

Thesis objective and outline 

 

The aim of the present thesis is to conduct a systematic investigation of the long-

range and short-range structure of Gd2Zr2O7 pyrochlore composition, varying both 

the A- and B-cations. Specifically, building upon previous investigations, the Gd-Ti-
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Zr-O system, in the form of Gd2(Ti1-xZrx)2O7 solid solution, is chosen as the first 

model system to investigate the disorder induced by chemical substitution. 

Furthermore, an additional step is taken by introducing Nd3+ and Ce4+ cations into 

the structure of Gd2Zr2O7, resulting in the formation of a (Nd1-yGdy)2(Zr1-zCez)2O7 

solid solution. Nd3+ and Ce4+ have been selected for their potential to act as 

surrogates for Am3+ and Pu4+ respectively on the basis of isomorphic 

substitution78,79. Specifically, the ionic radius of Nd3+in 8-fold coordination (rNd3+ = 

1.109 Å) is comparable to that of Am3+ (rAm3+ = 1.09 Å), while the ionic radius of of 

Ce4+ in 6-fold coordination (rCe4+ = 0.87 Å) is similar to that of Pu4+ (rPu4+ = 0.86 

Å)54. The use of neodymium and cerium simulates the effect that the size of actinides 

americium and plutonium would have on the structure of Gd2Zr2O7, avoiding at the 

same time the use of real active elements. All the samples are produced by solid-

state synthesis and characterized by means of diffraction and spectroscopic 

techniques. Synchrotron High-Resolution X-ray diffraction is used to examine the 

average structure of the materials, while Raman spectroscopy and PDF analysis are 

employed to probe the short-range structure. 

This first introductory part of the thesis has provided an in-depth description of the 

pyrochlore structure, highlighting its connections with other significant structural 

types. In addition, the scientific background for the present work has been reviewed. 

Part 2 outlines the procedure adopted for preparing the materials, along with the 

characterization techniques employed to analyze their structural properties. These 
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first two chapters establish the foundation for the subsequent sections, which are 

dedicated to the presentation of the experimental results and their interpretation in 

the context of existing scientific literature. Of special importance is the chapter 

devoted to the investigation of the Gd2(Ti1-xZrx)2O7 solid solution (Part 3), which 

serves as the central focus of this thesis. As the analysis of the data regarding double-

doped samples in the (Nd1-yGdy)2(Zr1-zCez)2O7 solid solution is still ongoing, this 

thesis presents preliminary results that are limited to the (Nd1-xGdx)2Zr2O7 (Part 4) 

and Gd2(Zr1-xCex)2O7 (Part 5) series. Finally, the concluding chapter offers a 

comprehensive summary of the findings, ultimately leading to the formulation of 

concluding remarks and future prospects. 

It should be noted for future reference the ‘x’ coordinate of the oxygen atom placed 

at the 48f site will be indicated xO1, while the molar fraction of Zr, Gd and Ce in the 

corresponding solid solutions will be designated xZr, xGd and xCe  
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Part 2  

Experimental section 
 

Synthesis 
 

All the samples analyzed in the context of this PhD thesis were prepared by solid-

state reaction at 1500 °C starting from the commercially available metal oxides as 

precursors (Gd2O3, ZrO2, TiO2, Nd2O3 and CeO2). The temperature value (T) was 

selected on the basis of thermodynamic data and previous investigations on these 

systems39,78,80–82.  Special care was taken regarding the Gd2Zr2O7 composition, , for 

it was known that it crystallizes as defect fluorite at T values higher than 1500 

°C70,83,84. In particular, the reaction was carried out according to the following 

procedure: 

 reactants were stored at 110°C under vacuum prior to the reaction in order to 

minimize the presence of moisture traces or other volatile impurities; 

 reactants were weighed according to specific stoichiometric ratios for the 

production of the target compound; 

 reactants were intimately mixed in an ethanol/acetone slurry by using an 

agata mortar and pestle for about 20 minutes; 

 the mixture was dried and the pressed into a 13 mm diameter pellet with an 

8-ton operating press; 
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 the pellet was placed onto an alumina crucible and fired in air in a vertical 

tube furnace with MoSi2 heaters at 1500 °C for 24 hours with a 

heating/cooling rate of 5 °C/min; 

 after sintering, the pellet was ground in a mortar and re-pelletized for the next 

annealing cycle (this step was repeated until a homogeneous sample was 

obtained; usually 5/6 annealing cycles were performed). 

The homogeneity of the produced sample was monitored by means of laboratory X-

Ray Powder Diffraction. Powder patterns were collected at room temperature on a 

Rigaku MiniFlex600 diffractometer with Cu Kα radiation (5°<2θ<90°, step 0.02°, 

5°/min). An XRD pattern was recorded after each annealing step for all the samples 

of solid solution Gd2(Ti1-xZrx)2O7. In the case of the (Nd1-yGdy)2(Zr1-zCez)2O7 series, 

a diffraction pattern was collected after the first, third and last annealing cycle.  
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Characterization techniques 
   

High-resolution X-ray diffraction and total scattering experiments 

 

X-ray diffraction patterns were collected at the European Synchrotron Radiation 

Facility (ESRF), Grenoble (France), during two experiments held at beamline 

ID2285,86. The Gd2(Ti1-xZrx)2O7 series was investigated in the context of experiment 

CH-590087, along with selected samples doped with Nd and Ce. A more extensive 

investigation on the (Nd1-xGdx)2Zr2O7 and Gd2(Zr1-xCex)2O7 solid solutions was 

performed within experiment CH-621888.  

Samples were loaded into 0.5 mm diameter Kapton® capillaries and mounted 

parallel to the axis of the diffractometer. The capillaries were spun during the 

measurements to ensure a good powder average and to reduce preferred-orientation 

effects. A nitrogen blower was employed to cool the samples down to 90K (Figure 

2.4). 

  

Figure 2.4 Close-up of a loaded capillary mounted on a brass head on the diffractometer 

with the aid of some red wax. The nitrogen blower is on top, while the collimator, where 

the incident beam comes from, is visible on the left.  
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The study of the average structure of the solid solutions was performed through 

Rietveld refinements of diffraction patterns89. The analysis was based on the 

refinement of lattice constants, positional and thermal displacement parameters and 

fractional occupancies of shared sites in the structural models. In order to extract 

these structural parameters, an accurate determination of peaks position and intensity 

was required. To these purposes, the high-resolution setup of the beamline was 

exploited and High-resolution X-ray Diffraction (HR-XRD) patterns were collected. 

Specifically, a nine-element detector was scanned vertically as a function of 2θ in 

the range 0° ≤ 2θ ≤ 48° at 35 keV (with 𝜆=0.354176 Å for experiment CH-5900 and 

𝜆=0.352780 Å for experiment CH-6218; in both experiments a counting time of 60 

min/pattern was used and Q𝑚𝑎𝑥 ≈ 14.4 Å−1 was reached). The high resolution was 

granted by the presence of nine Si 1 1 1 analyser crystals, giving instrumental 

contribution to FWHM of about 0.003° 2θ86 (Figure 2.5).  
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The Rietveld analysis was performed within the GSAS software suite of programs90 

and its graphical interface EXPGUI91. The background has been fitted through 

Chebyshev polynomial. Line profiles have been fitted using a modification of TCH 

pseudo-Voigt function as implemented in GSAS. In the refinements, scale factor, 

cell constants, positional and isotropic atomic mean square displacement parameters 

(Uiso), have been varied, as well as background, and peak profile parameters. Details 

on the structural models will be provided in the next chapters. 

Powder patterns suitable for Pair Distribution Function (PDF) analysis were recorded 

following another strategy. Total scattering experiments were performed and to 

maximize the value of Q in reciprocal space and have high counting statistic at Qmax,. 

the flat panel Perkin Elmer XRD 1611CP3 detector available at ID22 was used85 

Figure 2.5 On the left a schematic representation of the 9 crystals multi-

analyser stage at ID22 is depicted [from Ref. 86]; on the right a picture 

taken inside the ID22 experimental hutch displaying the diffractometer 

and the robotic arm (in orange) for automated sample change.  
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(Figure 2.6). The detector consists of CsI:Tl scintillator bonded to amorphous silicon, 

which acts as the active element of the detector.  

 

 

In this case, several frames for a total counting time of 40 min were averaged for 

each measurement, reaching a Q𝑚𝑎𝑥 ≈ 32 Å−1. Wavelength (≈ 70 keV), sample-

detector distance and azimuthal integration parameters were calibrated on a LaB6 

reference (𝜆=0.17704 Å and sample-detector distance 379.3 mm for experiment CH-

5900; 𝜆=0.17219 Å and sample-detector distance 372.0 mm for experiment CH-

6218). The detector mask was created with the program FIT2D92 calibration and 

azimuthal integration were all performed using the program pyFAI93.  

Figure 2.6 Picture of the 2D Perkin Elmer detector at ID22 (from 

website of the beamline)  
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After data reduction, the PDF for real space analysis was calculated in the form of 

the reduced PDF, G(r). This function is the product of the sine Fourier transform of 

the experimental total scattering function, S(Q), defined as94: 

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0] =
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟)d𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

 

where ρ(r) is atomic pair density function and indicates the probability of finding an 

atom at a distance r from another atom, while ρ0 is the atom number density. A 

positive peak in the G(r) pattern indicates a range of r values whereby the probability 

of finding interatomic vectors is greater than that determined by the number density, 

while the opposite holds for negative G(r) peaks. G(r) curves were computed using 

the PDFgetX3 program95 using data up to Qmax= 27.0 Å-1 for experiment CH-5900 

and Qmax = 26.0 Å-1 for experiment CH-6218. Structural models were fitted to the 

G(r) curves in small-box refinements using PDFgui96. The instrumental parameter 

Qdamp (=0.01) was determined fitting G(r) data collected on a LaB6 reference in the 

same experimental conditions. PDF peaks in the low-r region were also fitted with 

Gaussian functions using the Origin software97 to extract the position and FWHM. 

The primary features of the X-ray diffraction patterns and PDF functions of the 

pyrochlore and related structure types will be presented in the next section. 
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At this stage it is clear that the pyrochlore structure is based on the fluorite structure 

type with a cell parameter ap = 2af. This structural relationship can be directly 

visualized in a powder diffraction pattern. An example is displayed in Figure 2.7.  

 

 

The most intense reflections in the pyrochlore diffraction pattern correspond to the 

reflections found in the fluorite pattern, but with doubled Miller indices. They are 

called ‘fluorite peaks’ and obey to the following condition (in the pyrochlore setting, 

s.g. 𝐹𝑑3̅𝑚 )47: 

Figure 2.7 Simulated X-ray powder diffraction patterns of a defect fluorite (top, 

blue) and pyrochlore phase (bottom, violet) with ap = 2af and Gd2Zr2O7 

composition. ‘Fluorite peaks’ are indexed in each pattern with hkl Miller indices 

followed by a subscript indicating the structure type.  
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 h + k = 4n 

hkl: k + l = 4n 

 h + l = 4n  

The appearance of fluorite peaks in an X-ray powder diffraction pattern is a clear 

indication of an fcc packing of cations within the structure. 

Beside the fluorite peaks, the presence of a set of weaker reflections in the pyrochlore 

diffraction pattern can be seen in Figure 2.7. These are designated ‘pyrochlore’ or 

‘superstructure peaks’ and they arise from the additional ordering in the cation and 

anion sublattices of a pyrochlore with respect to a fluorite structure. The intensity of 

the pyrochlore peaks depends on the difference of the scattering power between A 

and B-cations, the scattering power of oxygen, the distribution of oxygen atoms and 

vacancies (i.e. concentration of anion Anti-Frenkel defects) and the fractional 

coordinate xO147. 

The additional ordering allows for extra conditions82,98: 

     h = 2n + 1 

hkl: or h + k + l = 4n  

 or h, k, l = 4n + 2 

 or h, k, l = 4n 
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Since all atoms in the pyrochlore structure occupy special positions, it is possible to 

ascribe specific class of reflections to certain atoms47. In particular, the subset of 

fluorite peaks that fulfils the condition 

 h = 4n + 2 

hkl: k = 4n + 2 

 l = 4n + 2 

derives from the scattering of cations at the A and B sites of the pyrochlore structure 

(e.g. 222P, 622P, 662P …). Among the superstructure peaks, those with  

 h ≠ 4n  

hkl: k ≠ 4n  and h + k + l = 4n  

 l ≠ 4n  

arise only from the oxygen sublattice (e.g. 220P, 620P, 642P, 422P…). Some of these 

reflections, such as 422P, might be hardly visible by using X-rays as probe, while 

neutrons can allow a better contrast31. 

Simulated X-ray powder diffraction pattern of a defect fluorite, pyrochlore, C-type 

and weberite structure are shown in Figure 2.8. Those of pyrochlore and C-type look 

quite similar, even though different superstructure peaks arise in the C-type pattern 

with respect to the pyrochlore pattern. The orthorhombic symmetry of the weberite-

type structure results in the appearance of more reflections in the diffraction pattern, 
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compared to the other cubic structures. Specifically, the typical fluorite peaks shared 

by all the fluorite-related structures, are split into two or three maxima in the 

weberite-type pattern23.  

 

 

 

 

  

Figure 2.8 Simulated X-ray powder diffraction patterns of a defect fluorite, 

pyrochlore, C-type and weberite-type phase with Gd2Zr2O7 composition and ap = ac 

= bweberite-type = 2af. and aweberite ≈  cweberite ≈ af√2. 
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Figure 2.9 displays the simulated G(r) functions from X-ray scattering for a defect 

fluorite and pyrochlore structure in the low-r region. The two limiting values of xO1 

(0.3125 and 0.375) were considered for the calculation of the pyrochlore pair 

distribution function. 

 

 

Figure 2.9. Simulated G(r) of pyrochlore structures with xO1=0.3125 and 0.375 and 

a defect fluorite structure with Gd2Zr2O7 composition, Qmax = 30 Å-1, and Uiso 

parameters of cations and anions set to the value of 0.006 Å2. Metal-metal 

correlations are labelled M-M (with A-A/B-B and A-B contributions in grey), while 

metal-oxygen correlations are labelled M-O.  
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As one would expect, all metal-metal (M-M) correlations fall the under the same r 

value in all the G(r) functions shown in Figure 2.9. In this regard, it is worth 

remembering that cations are in special positions with fixed coordinates in both the 

defect fluorite and pyrochlore structure. The PDF of a pyrochlore structure with 

xO1=0.375, in particular, is indistinguishable from that of a defect fluorite structure 

with the same composition, having also the same metal-oxygen (M-O) correlations. 

This confirms that the two structural types are practically equivalent in terms of the 

positions of the atoms in the structure when xO1 in the pyrochlore structure is 0.375. 

In the opposite case, when xO1=0.3125, the metal-oxygen interatomic distances 

related to the A- and B-cations are different and the corresponding PDF peaks split 

and spread out. For example, the peak associated with the first M-O distance centered 

at ≈ 2.3 Å in the G(r) of the defect fluorite and pyrochlore structure with xO1=0.375 

splits into three peaks at ≈ 1.9, 2.2 and 2.7 Å in the G(r) of the pyrochlore structure 

with xO1=0.3125. These peaks correspond to the first B-O1, A-O2 and A-O1 

distances respectively. However, the most intense peaks (e.g. ≈3.7, 5.2, 6.4 and 7.4 

Å) in all the simulated G(r) displayed in Figure 2.9 belong to metal-metal 

correlations. Indeed, X-rays are more sensitive to heavy metals than oxygen atoms 

in these oxide systems. As already stated, neutrons would allow a better contrast and 

even O-O correlations would be visible in a PDF from neutron scattering. 

Unfortunately, neutron scattering experiments were not performed, because all 

samples under investigation contain Gd that has the highest neutron absorption cross 

section of all elements in the periodic table.  



 
 

46 
 

Simulated G(r) functions from X-ray scattering of all the structural types cited in this 

work are presented in Figure 2.10.  

 

 

Besides the changes in M-O correlations, a splitting of the metal-metal coordination 

shells occurs in the weberite-type and C-type structures when compared to the 

pyrochlore and defect fluorite. This can be easily visualized by looking at the PDF 

Figure 2.10. Simulated G(r) of a pyrochlore structure with xO1=0.3125, a defect fluorite, 

C-type and weberite-type structure with Gd2Zr2O7 composition, Qmax = 30 Å-1, and 

Uiso parameters of cations and anions set to the value of 0.006 Å2.  



 
 

47 
 

peak at ≈3.7 Å in Figure 2.10. Some of the cations in the weberite type and C-type 

structure have variable positional coordinates (see Table 1.3 and 1.4). This creates 

additional M-M interatomic distances that are absent in the defect fluorite or 

pyrochlore structure. 

 

Raman measurements 

 

Micro-Raman spectroscopy was carried out using a Horiba LabRam HR evolution 

at the Dipartimento di Scienze della Terra “A. Desio” of the Università degli Studi 

di Milano (Figure 2.11). The spectrometer is equipped with a Nd-YAG 532 

nm/100mW with Ultra Low Frequency (ULF) filters. Scattered light was collected 

by a 100X objective (NA aperture = 0.9) in backscattering geometry; a diffraction 

grating with 600 lines/mm and the hole set at 100 μm were used. The spectrum has 

been detected by a Peltier-cooled Charge Couple Detector. To balance signal to noise 

2 accumulations for 30 seconds were collected. Instrument calibration was 

performed before each round of analysis using the peak at 520.70 cm-1 of a silicon 

wafer. After background subtraction, Raman bands were fitted with Gaussian 

functions using the Origin software97 to extract values for frequency and FWHM. 
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The first-order Raman spectrum of pyrochlore and other fluorite-related structures 

will be considered. In this approximation, only long-wavelength phonons are 

scattered in a one-phonon process at the center of Brillouin zone (Γ-point), where k 

(or Q, scattering vector) is zero99,100. These phonons can be classified in terms of 

their symmetry properties by factor group analysis101,102. For the pyrochlore structure 

with space group 𝐹𝑑3̅𝑚 (Z=8), point group Oh, atoms in sites 16c, 16d, 48f and 8b, 

the factor group analysis predicts a total of 26 normal modes at centre of Brillouin 

zone 

Γ = A1g + Eg +2T1g + 4T2g + 3A2u + 3Eu + 8T1u + 4T2u  

One out of eight T1u modes is associated with the three degrees of translation of the 

entire unit cell (acoustic) and is subtracted to find the total number of optic 

vibrational modes allowable. Looking at the Oh character table, the 7T1u modes are 

IR-active and the A1g, Eg and 4T2g modes are Raman-active. The remaining modes 

Figure 2.11 Micro-Raman spectrometer supplied by Dipartimento di 

Scienze della Terra “A. Desio” (picture from the Department website) 
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(2T1g, 3A2u, 3Eu and 4T2u) are inactive according to the selection rules of both IR and 

Raman spectroscopy99. The factor group analysis also allows the separation of each 

lattice mode per set of ions. Focusing on the Raman active modes, the 48f oxygen 

(O1) of the pyrochlore structure is responsible for the A1g, Eg and 3T2g modes, while 

the 8b oxygen (O2) is involved in just one T2g mode22. Interestingly, since all Raman 

active modes are even modes of vibration and the cations occupy positions with 

centre of symmetry, they do not contribute to the Raman spectrum of an ideal 

pyrochlore structure100. At this point of the study, it is worth noting that the Raman 

spectroscopy served as direct probe of the anion sublattice of this class of materials 

where the X-rays were clearly more sensitive to the positions of the heavy metals 

and another valuable probe such as the neutron scattering was precluded for the high 

neutron absorption cross section of the natural abundant isotope of Gd.  

As an example, the Raman spectrum of Gd2Ti2O7 collected in this study is displayed 

in Figure 2.12. 



 
 

50 
 

 

 

The vibrational modes of pyrochlores correspond to spectral bands that lie 

approximately in the range 200-600 cm-1 of the spectrum103,104. The fingerprints of 

the pyrochlore spectrum are two intense bands at about 300 and 500 cm-1 (Figure 

2.12)105. As a matter of fact, the band at ≈ 300 comprises two vibrational modes, 

wavenumbers ≈ 311 and 330 cm-1 (see inset in Figure 2.12), which have been 

assigned to T2g and Eg symmetry respectively, while the band at ≈ 500 cm-1 has been 

assigned to A1g symmetry106–110. More details on the band assignment in the Raman 

spectrum of the pyrochlore structure will be given in the following chapter. 

Figure 2.12 Raman spectrum of Gd2Ti2O7 between 50 and 1000 cm-1. A 

shoulder to the main band around 311 cm-1 can be noted at ≈ 330 cm-1 in 

the inset. 
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In the case of a fluorite compound (s.g. 𝐹𝑚3̅𝑚, Z=4, point group Oh, atoms at 4a 

and 8c sites), the factor group analysis predicts one T1u IR-active mode and one T2g 

Raman-active mode at the centre of the Brillouin zone. Also in this case, due to 

symmetry considerations, the oxygen atoms are the ones that, vibrating in antiphase, 

generate the Raman spectrum111. Consequently, the Raman spectrum of an ordered 

fluorite oxide is characterized by a single vibrational band112 (Figure 2.13).  

 

 

The introduction of defects and disorder in the structure results in the breakdown of 

selection rules for the vibrational spectroscopy. In detail, the randomization of anions 

and vacancies in a defect fluorite compound leads to the complete broadening of the 

Figure 2.13 Raman spectrum of oxides with a fluorite structure, showing 

one vibrational band with T2g symmetry [from Ref. 112]. 
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band related to the T2g mode and the Raman spectrum corresponds to a temperature-

weighted density of states49,100 (Figure 2.14). 

 

 

The inherent lower symmetry of materials with a weberite-type or bixbyte structure 

compared to those with a pyrochlore or defect fluorite structure determines a more 

complex Raman spectrum. 24 modes are allowed in the Raman spectrum of a 

weberite-type compound (5A1g +5B1g +7B2g +7B3g)
113, while 22 modes are predicted 

Figure 2.14 Raman spectrum of oxides with a defect fluorite structure, 

showing a broad continuous function [from Ref. 100]. 
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for a C-type compound (4Ag +4Eg +14Tg)
114. Examples for these structural types are 

shown in Figure 2.15.115 

   

Figure 2.15 Raman spectra of (top) La3-xSrxTaO7-x/2 solid solution with 

weberite-type structure [from Ref. 115] and of (bottom) rare earth oxides 

with C-type structure [from Ref. 114]. 

Sm2O3 

Eu2O3 

Dy2O3 

Yb2O3 
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Part 3 
 

Gd2(Ti1-xZrx)2O7 solid solution 
 

The following samples were synthesized by solid-state reaction starting from Gd2O3, 

TiO2 and ZrO2 as precursors. 

Compound Annealing cycles (#) 

Gd2Ti2O7 4 

Gd2(Ti0.85Zr0.15)2O7 5 

Gd2(Ti0.75Zr0.25)2O7 6 

Gd2(Ti0.50Zr0.50)2O7 6 

Gd2(Ti0.25Zr0.75)2O7 6 

Gd2(Ti0.15Zr0.85)2O7 6 

Gd2Zr2O7 7 

 

In this solid solution, the phase homogeneity seems to increase with Ti-content. As 

an example, the change in the laboratory diffraction patterns with annealing cycles 

for the Gd2Zr2O7 sample is shown in Figure 3.1.  

It is evident that at least three phases are present in the Gd2Zr2O7 sample after the 

first annealing cycle (#1 in Figure 3.1). An increase in phase homogeneity is 

achieved when several annealing steps are repeated. A secondary phase can be 

recognized from the second step onwards (see the shoulder on the right side of the 

222P and 400P peaks in Figure 3.1) and it has been regarded as another pyrochlore 

phase with a different cell constant and composition with respect to the primary 

phase.   
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The changes in the weight fractions and cell constants for the primary phase (phase 

1) and secondary phase (phase 2) in the Gd2Zr2O7 sample are plotted in Figure 3.2. 

Cell constants and weight fractions of the phases of interest were extracted from 

Rietveld refinements of powder patterns with GSAS software90,91. As the number of 

annealing cycles increases, the weight fraction of the secondary phase decreases and 

that of the primary phase increases accordingly (Figure 3.2a). A third phase, with the 

lowest weight fraction (Figure 3.2a, blue triangle), readily disappears after the 2nd 

annealing cycle and the cell constants appear to converge towards a common value 

Figure 3.1 Evolution of the 222P and 400P reflections of Gd2Zr2O7 at different annealing 

cycles (#n) (subscript ‘P’ indicates the pyrochlore structure type). XRD patterns were 

normalized and offset on the Y axis. Black arrows highlight the presence of the secondary 

phase. Note the growth of the 311P and 331P superstructure peaks at 2θ ≈ 28° and 37° 

respectively. 
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(Figure 3.2b). These results indicate that several annealing cycles, with intermitting 

grinding and re-pelletizing, are needed for the production of a homogeneous 

Gd2Zr2O7 compound.  

 

  

Figure 3.2. (a) weight fraction % of different pyrochlore phases in Gd2Zr2O7 sample and 

(b) lattice constant of these phases as a function of # annealing cycle.  
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In the case of the Gd2Ti2O7 sample a good phase homogeneity is achieved after just 

one annealing cycle (see Figure 3.3). 

 

 

The solid-state synthesis was employed to prepare all the samples in the context of 

this work. The method is simple, since all the reactants are easily found in the form 

of metal oxides and the procedure can be easily implemented116. However, it requires 

long reaction times at high temperatures (e.g. 1500 °C) with intermediate steps in 

which the reaction mixture is grounded and then re-pelletized to ensure homogeneity. 

Figure 3.3 Evolution of the 222P and 400P reflections of Gd2Ti2O7 at different annealing 

cycles (#n). XRD patterns were normalized and offset on the Y axis. 311P and 331P 

superstructure peaks at 2θ ≈ 29° and 38.5° respectively are clearly visible after the first 

cycle. 
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Such a procedure could be unfeasible for an industrial scale process. As confirmed 

by the present thesis, a homogeneous sample with the desired crystalline phase is not 

always straightforward to obtain by solid-state synthesis. Indeed, an equilibrium 

distribution of cations in solid-state reactions is difficult to achieve5. Given that the 

reactants were all in the form of polycrystalline powders with micrometric size of 

the crystallites, the reaction rates were limited by the diffusion of cations at the 

reaction interface117. Clearly, the composition of the desired material plays an 

important role. Of all the synthesized compositions, those close to the Gd2Zr2O7 

endmember were particularly challenging, because required the longest reaction 

times. Similar observations were made by Laverov and colleagues. In their work on 

synthetic pyrochlore and garnet materials, they showed that the crystallization of the 

pyrochlore phase is slow in the Gd2O3 – ZrO2 system, while higher reactions rates 

are observed for the Gd2O3 – TiO2 system118. These findings are consistent with the 

results of Reynolds and coworkers. They prepared Gd2Zr2O7 by standard solid-state 

synthesis and a 30 days-long protocol of annealing was employed with the 

intermediate grindings. Even after such long reaction time, asymmetry in peak 

shapes was detected by synchrotron X-ray diffraction and interpreted as residual 

inhomogeneity in the sample77. In recent years, the difficulty in obtaining a 

homogeneous product with a pyrochlore or defect fluorite structure by solid-state 

synthesis has been related to the persistence of disordered weberite-type 

nanodomains at the local scale in these oxides119,120. As will be clarified, the 
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weberite-type structure can effectively describe the local atomic arrangement in 

disordered pyrochlore oxides.  

An in depth study of the phase formation in these pyrochlore systems was beyond 

the scope of this thesis. The use of electron microprobe analysis (EMPA) and 

scanning electron microscopy (SEM) after each annealing step would have certainly 

complemented the diffraction results and provided a more precise picture of the 

phase inhomogeneity and morphology. The solid-state synthesis was chosen for it is 

a standard technique for preparing highly crystalline oxide materials and the purpose 

of this study was to follow the evolution of the structural disorder and defect 

chemistry of pyrochlore oxides only as a function of composition. As a matter of 

fact, materials produced by solid-state synthesis are employed as references when 

studying the effect of other sources of structural disorder such as mechanical milling 

or ion irradiation121–123.  

An alternative approach to the solid-state reaction might be the sol-gel method. In 

principle, homogeneity at the atomic scale can be attained by producing a gel from 

a solution of the selected metal ions. Burning the gel at about 500 °C leads to a 

nanocrystalline phase after just one annealing step. Obviously, high temperature 

sintering is always required for obtaining a highly crystalline compound with the 

desired phase. Additional samples with the same composition of those employed in 

this study have been produced by this technique and preliminary investigations using 

synchrotron High-resolution X-ray diffraction (HR-XRD) showed a greater phase 

homogeneity of the sol-gel samples compared to those synthesized by solid-state 
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reaction. Further studies are needed in order to compare different methodologies and 

to understand the kinetic of these reactions. The samples synthesized by the sol-gel 

method will be the subject of an upcoming work.  

 

The dissertation continues with the structural study of Gd2(Ti1-xZrx)2O7 solid solution 

by synchrotron HR-XRD, Raman spectroscopy and PDF analysis. 
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The average structure of all Gd2(Ti1-xZrx)2O7 compositions is that of a pyrochlore 

throughout the solid-solution, as demonstrated by the appearance of superstructure 

peaks in the HR-XRD patterns (see Fig 3.4 superstructure peaks at 2θ ≈ 3.4, 6.6, 8.7, 

10.4, 11.8, 13.1 with λ = 0.354176 Å). Therefore, no phase transition occurs at the 

long-range scale in the Gd2(Ti1-xZrx)2O7 series. However, the substitution of Ti4+ 

with Zr4+ clearly affects the structure of these materials. Firstly, the cell expands on 

Zr-substitution, because Zr4+ is bigger in size than Ti4+. This leads to an increase of 

the cell parameter and to a shift of diffraction peaks to lower 2θ angles (Fig 3.4). 

Secondly, the X-ray scattering power of Zr4+ is greater than Ti4+ (Zr has more 

electrons). This difference is primarily reflected in the intensity of superstructure 

peaks, which become weaker and weaker as Zr4+ replaces Ti4+ (Fig 3.4, see for 

example the peak 111P at 2θ = 3.45°). 

 

Figure 3.4 HR-XRD patterns of Gd2(Ti1-xZrx)2O7 series between 3 and 14 

degrees. The evolution of the superstructure peak 111P between 3 and 4 

degrees is highlighted. 
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All powder patterns were analyzed through Rietveld refinements to extract structural 

parameters. A disordered pyrochlore model was employed for all compositions. The 

term ‘disordered’ refers to the introduction of anion Anti-Frenkel and cation antisite 

defects within the ideal pyrochlore structure. The structural model was constructed 

starting from the coordinates given in Table 1.2, setting 2. Anion Anti-Frenkel 

defects were introduced by refining the occupancy of both 8a (O3) site and 48f (O1) 

site. To ensure that stoichiometry changes were avoided, the occupancy of O1 was 

constrained to that of O3. Taking into account the multiplicity of both sites (48 and 

8 for O1 and O3 respectively), the constraint was defined in GSAS software 

as -Δo.f.(O1) = 6Δo.f.(O3) (where Δo.f. is the variation of the site occupation factor). 

Attempts to vary also the oxygen occupancy at the 8b site (O2) brought to o.f.(O2) 

slightly larger than 1. Therefore, these tests will not be considered in the following 

discussion. Moreover, the mixing of cations via cation antisite defects was allowed. 

Since a single X-ray diffraction experiment is not sufficient to determine the 

distribution of three cations over two different crystallographic sites47, it was 

assumed that only Zr4+ would replace Gd3+ at the A site (16d) and vice versa. For 

this purpose, two additional ions were introduced in the structural model, a zirconium 

atom at the A-site (ZrA) and a gadolinium atom at the B-site (GdB). Their occupancy 

was constrained to that of the parent atom to avoid stoichiometry changes and 

allowed to vary. Specifically, the constraints were set as -Δo.f.(ZrB) = Δo.f.(ZrA) and  

-Δo.f.(GdA) = Δo.f.( GdB). The lattice parameter (a), the x coordinate for O1 (xO1) 
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and three isothermal displacement parameters (one for each cation plus one for the 

oxygen atoms) were refined as well. 

The phase inhomogeneity described above resulted in some sample dependent peaks 

asymmetries. Similar effects were already detected in patterns collected at 

synchrotron radiation sources by other authors while investigating the Gd2Zr2O7 

composition prepared by solid state synthesis. The asymmetry was interpreted as 

residual sample inhomogeneity caused by poorly crystalline defect fluorite material 

and modelled using an additional cubic fluorite phase in the refinements72,77. In the 

present work, it was not possible to determine with absolute certainty whether the 

asymmetry affected both the structure (fluorite) and superstructure (pyrochlore) 

peaks and, thus whether the secondary phase adopted a defect fluorite or pyrochlore 

structure. For convenience, the patterns were refined using two pyrochlore phases, 

with different lattice constants and with the structural parameters xO1 and Uiso 

constrained to be the same. In addition, the profile terms of the two phases were 

allowed to be different in the Rietveld refinements to account for the different peak 

shape. In all samples, either the second phase has a very small weight fraction or the 

cell constants of the two phases are very close to each other. Selected portions of two 

phases refined patterns are shown in Figure 3.5. Examples of Rietveld refinements 

are plotted in Figure 3.6, while the results of all Rietveld refinements are summarized 

in Table 3.1 and the change of the relevant structural parameters is displayed in 

Figure 3.7.  
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Figure 3.5 Close-up view of 440P reflection in selected HR-XRD patterns 

of Gd2(Ti1-xZrx)2O7 solid solution. Cross symbols represent the observed 

pattern; the dark grey solid line is the total calculated profile by Rietveld 

refinement, while solid red and blue lines are the calculated profile for 

Phase 1 and Phase 2 respectively.  
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Figure 3.6 Rietveld refinements of synchrotron HR-XRD profiles of (top) 

Gd2(Ti0.85Zr0.15)2O7 and (bottom) Gd2(Ti0.15Zr0.85)2O7 samples  
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xZr  0 0.15 0.25 0.50 0.75 0.85 1.0 

Phase 1 

s.g.  
𝐹𝑑3̅𝑚 

Weight 

Fraction % 
94.3 99.9 98.0 79.2 57.9 70.8 89.6 

 a / Å 10.178215(8) 10.23104(3) 10.26928(3) 10.35152(2) 10.45829(3) 10.48699(3) 10.52304(2) 

Phase 2 

s.g.  
𝐹𝑑3̅𝑚 

Weight 

Fraction % 
5.7 0.01 2.0 20.7 42.1 29.2 10.4 

 a / Å 10.232(3) 10.42(2) 10.3372(8) 10.3659(2) 10.46544(6) 10.4690(1) 10.4790(6) 

xO1  0.3260(2) 0.3279(2) 0.3294(2) 0.3337 (2) 0.3415(2) 0.3438(2) 0.34698(4) 

o.f.(O3)  0 0.06(1) 0.08(1) 0.20(1) 0.27(1) 0.338(9) 0.40(1) 

o.f.(ZrA)  0 0 0 0 0.026(1) 0.045(1) 0.048(2) 

Uiso / Å2 A 0.00447(3) 0.00449(4) 0.00536(5) 0.00918 (6) 0.01198(6) 0.01203(6) 0.01135(8) 

 B 0.00372(7) 0.0040(1) 0.0055(1) 0.0090(1) 0.0144(1) 0.0165(1) 0.0182(2) 

 O 0.0030(3) 0.0034(4) 0.0052(5) 0.0098(6) 0.0233(7) 0.0236(6) 0.0233(9) 

wRp(%)  11.5 9.5 9.2 8.4 7.2 6.8 7.6 

Table 3.1 Structural parameter derived from Rietveld refinements of HR-XRD patterns of Gd2(Ti1-xZrx)2O7 solid solution. 

Estimated standard deviation values are in parentheses. Those of weight fractions are not indicated because underestimated 

by the software. 
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Figure 3.7 (a) lattice constant, (b) x-coordinate of O1, (c) occupancy factor of O3 site, (d) 

Uiso·and (e) occupancy factor of Zr at the A site as a function of Zr-content in Gd2(Ti1-xZrx)2O7 

solid solution. Solid line in plot (a) is a linear fit.  
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The lattice constant in Figure 3.7a is calculated as weighted average of those of Phase 

1 and Phase 2. Since Phase 2 has either a small weight fraction or a lattice constant 

quite close to that of Phase1, it could be easily verified that this trend is identical to 

that obtained with the lattice constants of Phase 1 alone. The trend is linear47 and a 

similar increase is displayed by the xO1 coordinate (Fig. 3.7b) and the occupancy 

factor of O3 (Fig. 3.7c). The isothermal displacement parameters (Uiso) stay almost 

constant for the first Ti-rich compounds and then significantly increase for the Zr-

rich compositions (Fig. 3.7d), especially those of oxygen atoms. An interesting trend 

is shown in Figure 3.7e for the occupation factor of Zr at the A-site (o.f.(ZrA)). As 

can be seen, the concentration of Zr atoms at the A-site is practically zero for all 

compositions up to xZr =0.50. Attempts to refine o.f.(ZrA) in those compositions with 

xZr ≤ 0.50 yielded unphysical results and, for this reason, o.f.(ZrA) was kept at zero. 

For xZr > 0.50, there is an abrupt boost of o.f.(ZrA). However, the absolute values of 

o.f.(ZrA) remain minimal. The change in x(O1), o.f.(O3) and Uiso with xZr detected 

by Rietveld refinements points to a progressive structural disordering in the 

Gd2(Ti1-xZrx)2O7 solid solution with increasing Zr-content. As described in Part 1, 

O1 is displaced in a pyrochlore structure from the position it would have in a defect 

fluorite structure (3/8, 1/8, 1/8), and ‘relaxes’ towards the vacant O3 site, providing 

electrostatic shielding to its neighboring two B-cations with a limiting xO1= 0.312511 

(see also Part 1). In the Gd2(Ti1-xZrx)2O7 series, O1  moves upon Zr-substitution away 

from the vacancy O3 as this is gradually filled and its x coordinate (xO1) goes from 

0.3260 in Gd2Ti2O7 to 0.34698 in Gd2Zr2O7 (see Fig. 3.7b). 
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As stated before, the rate of xO1 shift appears to be constant in the whole 

compositional range. This is in line with a similar behavior observed in related 

Gd2(Sn1-xTix)2O7 and Y2(Sn1-xTix)2O7 solid solutions, where xO1 changes linearly 

with the composition25. In those cases, the linear change in xO1 was associated to 

the more ordered nature of the structures under investigation (limited variation of 

xO1 and o.f.(O3)) in contrast to zirconate analogues. In fact, for Y2(Sn1-xZrx)2O7 and 

Y2(Ti1-xZrx)2O7 the xO1 shift follows a quadratic relation which suggests a rapid 

increase in disorder for Zr-rich samples25,47. However, it is worth noting that the 

Y2Zr2O7 endmember is defect fluorite at the average scale. The same quadratic trend 

for xO48f was found by Hess and co-workers in Gd2(Ti1-xZrx)2O7 solid solution70. In 

that case, the samples were annealed at 1600°C, which is beyond the temperature for 

the pyrochlore to defect fluorite transition in Gd2Zr2O7 (1530 °C)11,83. For this 

reason, the long-range structure of the Zr-endmember was defect fluorite and the 

value of xO1 was only extrapolated from the data. Nevertheless, it was still displaced 

from 0.375 to a value close to the one refined by Moriga and co-workers in a single 

crystal investigation of Gd2Zr2O7 (0.4089, considering setting 1, A-cations at the 

origin, 16c (0,0,0))70,124.  

As anticipated, the O1 site in Gd2(Ti1-xZrx)2O7 is gradually depleted of its oxygen-

content, while the o.f.(O3) steadily increases and o.f.(O2) is kept fixed at full 

occupancy. This is physically reasonable since O3 site is the nearest neighbour of 

O1 and studies on oxygen migration in pyrochlores have shown that a 48f → 48f 

hopping pathway via vacant 8a sites is the most energetically favorable43,45,125. 
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Again, this result is in accordance with previous investigation on Y2(Sn1-xZrx)2O7 

and Y2(Ti1-xZrx)2O7 systems25,47. Furthermore, the gradual occupation of the vacant 

O3 site leads to an increase in the average coordination number of cations at the B 

site of the structure (from 6 to 7). It is likely that, at the local scale, the Zr4+ ions are 

those that become 7-fold coordinated rather than Ti4+72,121,126.  

Other features concerning the structural disorder, which are not fully captured by the 

disordered pyrochlore model, affect the change of isothermal displacement 

parameters. It is worth remembering that all patterns were recorded at 90 K with the 

purpose of minimizing the contribution of thermal motion (dynamic disorder) to the 

diffraction patterns. Therefore, the increase in Uiso for Gd, Zr/Ti and O atoms with 

Zr-content (Figure 3.7d) suggests an increase in the static structural disorder127,128. 

This evidence, together with the randomization of anions through the formation of 

Anti-Frenkel defects, points to the fact that the long-range structure of 

Gd2(Ti1-xZrx)2O7 compounds is approaching the defect fluorite on Zr-substitution. 

However, if one tries to refine the occupancy of Zr4+ at the A site (o.f.(ZrA)) of the 

structure, the obtained values are almost negligible even for the Gd2Zr2O7 

endmember. Looking at the trend in o.f.(ZrA) (Figure 3.7e), one can see how the 

cation mixing between the A and B sites only occurs in the most Zr-rich 

compositions of the phase diagram with a maximum value for o.f.(ZrA) of 0.05. The 

multiplicity of the A site, as that of the B site, is 16 and this means that only ~0.8 

Zr4+ ions per cell form cation antisite defects with Gd3+ in Gd2Zr2O7. It appears that 

the disordering process induced by chemical substitution in the Gd2(Ti1-xZrx)2O7 
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solid solution is dominated by anion Anti-Frenkel defects, while cation antisite 

defects have only a marginal role. 

 

To further investigate the evolution of the long-range structure of Gd2(Ti1-xZrx)2O7 

compositions upon Zr-substitution, having at the same time a first insight at the local 

scale, Raman spectra were recorded. 

The Raman spectra of Gd2(Ti1-xZrx)2O7 samples are presented in Figure 3.8, where 

the observed vibrational modes are labelled from M1 to M7. The variation in 

frequency as obtained by fitting the bands with Gaussian functions is plotted in 

Figure 3.9, while selected fits are shown in Figure 3.10. The experimental spectra 

recorded in this study reproduce quite well those already reported in the literature for 

the Gd2(Ti1-xZrx)2O7 solid solution69,70,82,129–132. To identify the relevant bands that 

change upon Zr-substitution, one may focus on the spectrum of Gd2Ti2O7, which has 

the sharpest lines among all the spectra. As shown in Figure 3.8, the weak feature at 

≈113 cm-1 (M1) in the spectrum of Gd2Ti2O7 sharpens, while the band situated at 

≈212 cm-1 (M2) appears to broaden on Zr-substitution. The most intense peak 

centered at ≈311 cm-1 (M3) also experiences an appreciable broadening with 

increasing xZr. A band centered at ≈450 cm-1 (M4) is hardly visible in the spectrum 

of Gd2Ti2O7. However, as the Zr-content increases, M4 rises and shifts towards 

lower frequencies (i.e., is red-shifted), until it becomes one of the most prominent 

features in the Raman spectrum of Gd2Zr2O7 at ≈400 cm-1. 
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Figure 3.8 Raman spectra of Gd2(Ti1-xZrx)2O7 solid solution between 50 and 1000 cm-1 

offset on the Y axis. After background subtraction, each spectrum was normalized 

between 0 and 100. The observed vibrational bands are labelled from M1 to M7.  
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Figure 3.9 Frequency of vibrational bands in the Raman spectra of Gd2(Ti1-xZrx)2O7 

solid solution as a function of Zr-content.  

 

Figure 3.10 Selected fits with Gaussian functions of Raman bands in the spectra of 

compositions with xZr (a) 0.15 and (b) 0.85. 
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The lines at ≈516 cm-1 (M5) and ≈550 cm-1 (M6) are both blue-shifted with 

increasing Zr-content. However, their behavior regarding intensity is different. 

Specifically, while the intensity of M5 decreases, the intensity of M6 increases (see 

Figure 3.11). A subtle spectral feature is present in the spectrum of Gd2Ti2O7 around 

690 cm-1 (M7). It seems to split into two broad and weak bands for xZr = 0.15, 0.25, 

and then suddenly grows for xZr = 0.50 while being blue-shifted. 

 

 

  

Figure 3.11 Intensity ratio between Raman bands M5 and M6 in the Gd2(Ti1-xZrx)2O7 

series as a function of Zr-content.  
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It was mentioned in Part 2 that the vibrational modes of pyrochlores correspond to 

spectral bands that lie approximately in the range 200-600 cm-1 of the spectrum103,104. 

The assignment of Raman bands to the corresponding lattice modes has been done 

in previous studies by measuring polarized Raman spectra on single crystals and/or 

by theoretical calculations104,106,107,109,133. From the experimental point of view, no 

spectrum completely fulfils the selection rules under light polarization108. 

Nonetheless, there is a general agreement on the assignment of the most intense 

bands, M3 and M5, which are the fingerprints of the pyrochlore spectrum105. The 

peak M3 is actually consisting of two overlapping modes, T2g and Eg, which are 

placed at 311 and 330 cm-1 respectively and involve O1 at the 48f site through the 

Ti-O stretching and O-Ti-O bending104,107–110,134,135. Gupta and coworkers 

interchanged their frequencies133,136,137. The band M5 has also been assigned to two 

vibrational modes, which have adjacent frequencies and symmetry labels A1g and 

T2g
104,107. The splitting of these two modes is more evident in rare earth zirconate and 

hafnate pyrochlores104,138,139. The A1g mode is associated with the modulation of xO1 

by the vibration of O1 along the [100] axis toward the O3 vacant site70,105,121,140. 

Oueslati and coworkers129, instead, followed by others108,141,142, assigned the bands 

M3 and M5 at ≈300 and 500 cm-1 to O-Gd-O bending and Gd-O stretching vibrations 

respectively, on the basis of the evolution of their wavenumber in the 

Gd2(Ti1-xZrx)2O7 solid solution with xZr. More controversial is the assignment of the 

remaining T2g modes, which might be attributed to some of the weaker bands that 

are visible in the spectrum of Gd2Ti2O7 at ≈ 113 (M1), 212 (M2), 450 (M4), 550 
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(M6) and 690 (M7) cm-1. A brief discussion on these additional bands is provided in 

the following section. 

As can be evidenced from Figure 3.8, modes M3 and M5 are clearly affected by line 

broadening on Zr-substitution. The corresponding values of FWHM as a function of 

xZr are plotted in Figure 3.12. In particular, the data for M3 (≈ 311 cm-1) are 

comparable with those already reported by Hess and coworkers70.  

 

 

The lines broadening suggests that static disorder is accumulating within the 

structure via defects formation129. The partial loss of translational symmetry at the 

local scale, caused by static disorder, relaxes the k = 0 selection rule and allows 

phonons from other parts of the Brillouin zone to contribute to the spectra. The 

phonons mixing, in turn, results in lines broadening in the spectrum100. What is 

Figure 3.12 FMWH for Raman bands M3 and M6 in the Gd2(Ti1-xZrx)2O7 series as a 

function of Zr-content. Lines are guide to the eye.  
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striking is the evolution of the M5 line with respect to the M6 upon Zr-substitution. 

M6 has been regarded as one of the T2g modes in previous investigations on related 

pyrochlore systems48,70,134. However, it might be associated with extra vibrational 

modes activated by the chemical substitution at the B site of the structure143. The 

progressive filling of O3 (8a) vacant site through the formation of an Anti-Frenkel 

defect would activate a forbidden mode related to B-O vibration. It is worth 

remembering at this point that O3 is surrounded by four B-cations in the pyrochlore 

structure. The newly activated mode M6 moves toward higher wavenumbers on 

increasing xZr and reaches ≈600 cm-1 for the Gd2Zr2O7 compound. The Anti-Frenkel 

defect leaves the O1 (48f) site depleted and this leads to a decrease in intensity of 

M5105,144,145 (see for example Figure 3.11). Both modes related to M5 and M6 harden 

on Zr-substitution because of short O1-O3 distances in Zr-rich composition, being 

M5 particularly sensitive to O-O interactions105,145. Indeed, as revealed by Rietveld 

analysis, Zr doping in Gd2(Ti1-xZrx)2O7 brings to progressive O3 site occupation and 

O1-O3 distances (2.334 Å in Gd2Zr2O7) that are much shorter than the O1-O1 (2.664 

Å) and O1-O2 ones (2.928 Å). 

Another interesting spectral feature is the broad band at ≈700 cm-1 (M7), which 

becomes evident at xZr =0.50 and is probably a combination of more than just one 

vibrational mode. This band is commonly assigned to an overtone or second-order 

scattering process related to the main band at ≈310 cm-1109,110,146–148. On the other 

hand, the intensity of such second-order line is quite surprising in comparison with 
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the other spectral bands of the first order82. DFT calculations have shown that a T2g 

mode is allowed beyond 700 cm-1 in the case of Gd2Ti2O7
134and La2Zr2O7 

pyrochlores149. The high wavenumber suggests that a B-O vibration is 

involved150,151. Glerup and coworkers assigned this M7 band to a BO7 cluster in line 

with a gradual disordering from the pyrochlore to the defect fluorite structure in the 

Y2Ti2-yZryO7 solid solution and a change of the B-coordination number (CN) from 6 

to 722. Sanjuan and al. argued that the actual coordination of B species is based on 

preferential CN of each cation involved121, causing a disordering of the oxygen 

atoms in the solid solution based on the following mechanism: an oxygen atom 

moves from the 48f site to the vacant 8a, increasing selectively the CN of Zr to 7. 

Conversely, the CN of Ti should remain unaffected or even decrease to 5. The 

presence of Ti atoms in a 5-fold or 6-fold coordination environment and a random 

displacement of the metal from its ideal position in the coordination polyhedron 

would activate breathing modes above 700 cm-1 (M7)121. Moreover, it should be 

noted that this band is one of the dominant modes associated to B-O stretching in 

other fluorite-derived superstructures such as weberite113,140, zirconolite147,152,153 and 

brannerite154–156. This observation may account for a local ordering in the 

Gd2(Ti1-xZrx)2O7 series that is different from the pyrochlore or fluorite structure type.  

Besides the fundamental bands of the pyrochlore structure discussed so far, other 

modes are observed as well. The band at ≈115 cm-1 (M1) in the spectrum of the Ti-

endmember has been already reported in previous investigations on Gd2Ti2O7 
108,141 
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and could be ascribed to a lowering of the local symmetry, which activates formally 

forbidden IR modes104. This evidence suggests that although Gd2Ti2O7 approaches 

the ideal pyrochlore structure more than any composition in this study, some degree 

of distortion is present as well. The progressive introduction of Zr in the structure 

enhances the distortion and deviation from the ideal pyrochlore structure and leads 

to a relaxation of the selection rules. Moving on to the line at ≈215 cm-1 (M2), this 

has been assigned to one of the remaining three T2g modes by several 

authors70,107,108,121 and related to the vibration of O2 at the center of OGd4 

tetrahedra108. The decrease in intensity with Zr-substitution may be ascribed to a 

change in the position of O2 and/or distortion of the corresponding OGd4 

tetrahedron. A similar trend was observed in the case of pressure-induced distortion 

in Gd2Ti2O7
107. Kumar and coworkers showed by means of DFT calculations that no 

Raman active modes should be allowed below 220 cm-1 and it is likely that the M2 

line is another forbidden IR mode activated by displacive disorder of Gd and O2 

ions105,134. The band at ≈ 258 cm-1, which is hardly visible in the spectrum of 

Gd2Ti2O7 and completely disappears in the other spectra of the solid-solution, has 

been assigned to a T2g mode by Lummen and coworkers108. The other weak feature 

in the spectrum of Gd2Ti2O7 is the band at ≈450 cm-1(M4), which could be assigned 

again to one of the remaining T2g modes70,121,146. Kumar and coworkers predicted this 

mode with contributions of Gd-O2 stretching and O1-Gd-O2 bending force constants 

in addition to the dominant O1-Ti-O1 bending force constant from TiO6 octahedra134. 

The band was already observed in Gd2Ti2O7
157 and other lanthanide titanates 
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Ln2Ti2O7 with Ln =Dy, Lu158 and Tb109. Oueslati and colleagues assigned the M4 

band to B-O vibration and the red-shift with increasing xZr was regarded as a clear 

indication of lighter Ti4+ being substituted by heavier Zr4+ in the structure129. A 

wavenumber of ≈ 400 cm-1 is reached in Gd2Zr2O7 for M4 and similar values were 

recorded for the same composition159 and other related zirconate pyrochlores like 

Nd2-yYyZr2O7
160, Nd1-xDyxZr2O7

161 and Sm2Zr2O7
162. 
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High-resolution X-ray diffraction has revealed that Gd2(Ti1-xZrx)2O7 compounds are 

affected by increasing structural disorder upon Zr-substitution, despite having the 

same average structure. Raman spectroscopy has supported this evidence and 

indicated that the source of disorder needs to be sought at the local scale. This has 

prompted a deeper investigation of the short-range structure through PDF analysis. 

The G(r) of Gd2(Ti1-xZrx)2O7 solid solutions in the low-r region are shown in Figure 

3.13. 

  

Figure 3.13 G(r) of Gd2(Ti1-xZrx)2O7 compounds between 1.8 and 9 Å. PDFs were 

normalized and offset on the Y axis for a better comparison. Black arrows indicate the 

new M-M correlations arising with Zr-doping. 
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 The change in peak position and FWHM with Zr-doping for the first M-M 

correlation, as obtained by single peak fitting with a Gaussian function, is shown in 

Figure 3.14. 

 

  

Figure 3.14 Peak r value (top) and FWHM (bottom) for the first M-M correlation in the 

PDFs of Gd2(Ti1-xZrx)2O7 compounds  
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The model-free analysis confirms that Zr-doping induces a progressive shift of the 

peaks towards high r values (Figure 3.14, top), according to the corresponding 

increase in cell parameters. Furthermore, a general broadening is observed upon 

chemical substitution (Figure 3.14, bottom). This can be interpreted as 

inhomogeneous strain caused by non-uniform distribution of interatomic 

distances163. In analogy with Raman spectroscopy results, PDF analysis suggests that 

structural disorder arises at the local scale upon Zr-substitution. More subtle is the 

appearance of new metal-metal correlations, as for example around 3.9, 6.5 and 7.5 

Å, although not clearly visible in Figure 3.13 (highlighted by black arrows). The 

question of whether these correlations are symptoms of structural disorder or the 

indication of residual sample inhomogeneity can be simply answered by simulating 

the G(r) of the two phases with the lattice parameters obtained in the Rietveld 

refinements of HR-XRD patterns (Table 3.1). By doing so, it can be verified that the 

interatomic distances for the two phases are too close to each other to be 

distinguished with the resolution of the experimental PDFs. 

Structural models were used to analyze the short-range ordering and establish a 

connection with the average structure. The G(r) functions were initially fitted in the 

interval 1.8 – 8.0 Å by using the pyrochlore model already employed for describing 

the average structure in Rietveld refinements. The resulting fits are displayed in 

Figure 3.15. It can be seen that the residuals increase with xZr and the major misfits 

are located between 3.5 and 4.0 Å, at ≈6.5 and 7.5 Å. Clearly, the pyrochlore model 

fails in fitting the experimental G(r) in the low-r region for Zr-rich compositions of 
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the Gd2(Ti1-xZrx)2O7 solid solution. The introduction of a defective pyrochlore model 

with anion Anti-Frenkel and cation antisite defects, as attempted for the Rietveld 

refinements of HR-XRD, did not improve the fits. This result can be explained 

considering that new metal-metal correlations arise in the PDFs upon Zr-substitution, 

as previously stated. Even though anion Anti-Frenkel and cation antisite defects 

allow for more degrees of freedom in the structure, they do not provide new 

positional degrees of freedom required for modelling these additional metal-metal 

correlations. In fact, the cations remain fixed in their highly symmetrical sites within 

the pyrochlore structure. It appears that the accumulation of anion Anti-Frenkel 

defects detected on the long-range scale by HR-XRD is coupled with some sort of 

structural relaxation at the local scale, which leads in turns to additional interatomic 

distances visible in the PDF. As indicated also by Raman spectroscopy, a new 

structural model of lower symmetry is needed to properly describe the local structure 

of Zr-rich compositions.   
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Figure 3.15 G(r) of the Gd2(Ti1-xZrx)2O7 solid 

solutions between 1.8 and 8.0 Å fitted with 

the pyrochlore model. Experimental G(r) are 

depicted by blue circles, calculated G(r) by 

red lines and difference curves are in green.  
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Before discussing the new model employed for the refinement of PDFs in the low-r 

region, it should be mentioned that the correlation length of these structural 

distortions was probed. All the experimental G(r) of the Gd2(Ti1-xZrx)2O7 solid 

solution were also fitted in the 9-22 Å window with the pyrochlore model. The fit 

for the Zr-endmember is shown in Figure 3.16 as an example. The difference curve 

is essentially flat and a low Rw is obtained (≈ 0.05).  

 

This result indicates that the pyrochlore structure is effective in describing the atomic 

ordering of Gd2Zr2O7 in the medium/high r-range. Satisfactory fits in the 9-22 Å 

window were also obtained for all other compositions and the corresponding Rw 

values are compared to those for the 1.8-8.0 Å interval in Figure 3.17. The outcome 

is not unexpected for it was already known that the long-range structure of 

Gd2(Ti1-xZrx)2O7 compounds was pyrochlore-like.  

Figure 3.16 G(r) of Gd2Zr2O7 fitted with the pyrochlore 

model between 9 and 22 Å.  
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The interesting result is that the deviation from the pyrochlore structure in the 

Gd2(Ti1-xZrx)2O7 series for Zr-rich compositions is confined at a sub-nanometer scale 

with a correlation length of just few angstroms. 

  

Figure 3.17 Rw values of PDF fits in the 1.8-8 (black) 

and 9-22 (red) Å windows with the pyrochlore model in 

Gd2(Ti1-xZrx)2O7 series as a function of Zr-content. 
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To analyze the PDFs in the low-r region, the weberite-type model was invoked. As 

stated in the Introduction, the local structure of other fluorite-related oxides was 

already described with the weberite-type model30–32. Shamblin and co-workers used 

the weberite-type in the orthorombic Ccmm space group (n°63, see Part 1) to refine 

the low-r region of the PDF from neutron total scattering data collected on 

Ho2Zr2O7
30. Drey and colleagues extended this approach to the Ho2(Ti1-xZrx)2O7 

solid solution using the C2221 setting (space group n°20), in which more oxygen 

sites and more positional and vibrational degrees of freedom are available with 

respect to the Ccmm space group31. The Ho2(Ti1-xZrx)2O7 solid solution is closely 

related to the Gd2(Ti1-xZrx)2O7 series under investigation. Nevertheless, Ho3+ is 

smaller than Gd3+ (ionic radius of Ho3+in VIII coordination is 1.015, while that for 

Gd3+ is 1.053) The difference in the ionic radii of the two rare earth cations obviously 

affects the radii ratio rA/r(Ti/Zr) and the average structure in the A2(Ti1-xZrx)2O7 series. 

In particular, Gd2(Ti1-xZrx)2O7 compounds are pyrochlore-like throughout all the 

series and a low concentration of cation antisite defects is detected by Rietveld 

refinements of HR-XRD patterns. On the other hand, Ho2(Ti1-xZrx)2O7 materials 

firstly display pyrochlore ordering for low Zr-concentrations and, then, a defect 

fluorite structure emerges for xZr ≥ 0.7031,164. The dissimilar behavior of the two solid 

solutions at the long-range scale has prompted a modification of the models 

employed in the description of the local structure for the samples under investigation. 

The weberite-type structure in C2221 space group adopted by Drey and colleagues 

in small-box refinements of the PDFs is presented in Table 3.2. The 8c site at 
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(0.2360, 0.2374, 0) is seven-fold coordinated and it is shared by both Ho and Zr 

cations. 

 

a These coordinates are free parameters. 

 

While one could attempt to apply this model to Gd2Zr2O7, the local mixing of cations 

in the weberite-type structure could not be reconciled with the nearly perfect cation 

ordering observed at the average scale. Therefore, in the present study the cations 

were kept separated also in the weberite-type model to retain the pyrochlore 

ordering. The eight available sites with Wyckoff letter 8c generated by PDFgui 

software starting from the site (0.2360, 0.2374, 0) were distributed between Gd and 

Zr atoms in such a way that the resulting cations distribution would be compatible 

with that obtained by a 45° rotation of the pyrochlore unit cell around the a axis. This 

operation resulted in a new structural model, and the corresponding space group was 

identified through the FINDSYM tool165. As a consequence of the cations separation, 

the C-centering of the original lattice was lost, leading to a change in the space group 

Atom Wyckoff letter Site symmetry x y z Occ. 

Ho 4b .2. 0 0.4956 1/4 1 

Zr 4b .2. 0 0a 1/4 1 

Ho/Zr 8c 1 0.2360 0.2374 0a 1 

O1 8c 1 0.139 0.181 0.304 1 

O2 8c 1 0.121 0.770 0.267 1 

O3 4a 2.. 0.131 1/2 0 1 

O4 4a 2.. 0.131 1/2 1/2 1 

O5 4a 2.. 0.072 0 0 1 

Table 3.2 Weberite-type model in C2221 space group (n°20) used by Drey and colleagues 

for Ho2Zr2O7 [from Ref. 31]. Fixed coordinates are indicated in fractions or zeros.  
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from C2221 to P2221 (n°17). A similar procedure was applied to the weberite-type 

model in the Ccmm space group, resulting in space group Pcmm, a non-standard 

setting of space group Pmma (n°51).  

Small-box refinements of the PDF of Gd2Zr2O7 were conducted in the 1.8-8.0 Å 

range using both P2221 and Pmma models. The refinements were performed in 

PDFgui preserving the symmetry constraints of the original C2221 and Ccmm space 

groups, while also keeping the cations separated. Eventually, the constrained P2221 

model was discarded because it required numerous positional degrees of freedom 

particularly for the oxygen atoms and, when refined, could yield non-physical 

oxygen-oxygen distances. However, it should be underlined that the final choice of 

the structural model for PDF analysis was mainly based on the ability of fitting the 

metal-metal correlations with the minimum amount of refined parameters within the 

specific short r-interval. Comparing the models in space groups C2221 and Ccmm 

(see Tables 3.2 and 1.3), it is obvious that the former setting contains more positional 

degrees of freedom for both cations and anions. Later in this section, it will be shown 

that only one of the cations coordinates have a significant effect. In addition, as 

described in Part 2, the PDF of pyrochlore oxides from X-ray scattering data is 

inherently more sensitive to M-M correlations than M-O or O-O interatomic 

distances. Also, the peaks in the experimental G(r) functions involving anions are 

significantly broader than those in the simulated PDFs (see for example Figures 3.13 

and 2.9), indicating severe structural disorder of the oxygen atoms. These aspects 
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limit the possibility of using the PDF for probing distortions in the anions array. 

Taking into account all the available positional degrees of freedom of both C2221 

and Ccmm models and considering also three cell parameters, a scale factor, a short 

range correlated motion parameter (delta2 in PDFGui) and four isothermal 

displacement parameters (one for each of the three cationic sites and one for oxygen 

atoms), there are 23 parameters for the C2221 setting and 18 for Ccmm. The number 

of independent data points in the experimental PDFs can be calculated as follows166: 

 𝑁 =
(𝑟𝑚𝑎𝑥−𝑟𝑚𝑖𝑛)𝑄𝑚𝑎𝑥

𝜋
  

where rmax is 8.0 Å, rmin is 1.8 Å and Qmax is 27 Å-1. N is about 53 and a parameter-

to-data ratio of ~2 is obtained for the C2221 model, while ~3 for the Ccmm model. 

Consequently, the structural model in Ccmm space group with cations separated at 

the 8g site (final space group Pmma) was selected for fitting the PDFs in the low-r 

region.  

An improvement in fit quality is obtained for the refinements with the constrained 

Pmma  weberite-type model (Rw = 0.091) compared to the pyrochlore model (Rw = 

0.17). The refined weberite-type model in space group Pmma for Gd2Zr2O7 is shown 

in Table 3.3 and the fitted G(r) between 1.8 and 8.0 Å is plotted in Figure 3.18. 7-

fold coordinated cations are Gd3 and Zr1 at the 4k sites. 
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Atom Wyckoff letter Site symmetry x y z Occ. 

Gd1 2b .2/m. 0 1/2 0 1 

Gd2 2c .2/m. 0 0 1/2 1 

Gd3 4k m.. 1/4 0.23846 0.75 a 1 

Zr1 4k m.. 1/4 0.73846 0.25 a 1 

Zr2 2a .2/m. 0 0 0 1 

Zr3 2d .2/m. 0 1/2 1/2 1 

O1 8l 1 1/2 0.21921 0.87884 1 

O2 8l 1 1/2 0.71921 0.37884 1 

O3 2e mm2 1/4 0 0.04846 1 

O4 2f mm2 1/4 1/2 0.54846 1 

O5 2f mm2 1/4 1/2 0.08635 1 

O6 2e mm2 1/4 0 0.58635 1 

O7 2f mm2 1/4 1/2 0.83476 1 

O8 2e mm2 1/4 0 0.33476 1 

       

 

  

Figure 3.18 G(r) of Gd2Zr2O7 fitted with the weberite-

type model (space group Pmma) between 1.8 and 8.0 

Å.  

Table 3.3 Refined weberite-type model in Pmma space group (n°51) for the G(r) 

Gd2Zr2O7. Fixed coordinates are indicated in fractions or zeros. 
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From the data presented in Table 3.3, it is evident that Gd and Zr cations at the 4k 

sites are considerably shifted along the b-axis compared to the special position in a 

pyrochlore-like cell (0.23846 instead of 0.25 for Gd3 and 0.73846 instead of 0.75 for 

Zr1). The z-coordinates did not exhibit an appreciable change and were kept fixed at 

the values 0.75 and 0.25 respectively. The shifts of cations along the b-axis of the 

weberite-type cell results in a 1D-modulation of metal-metal distances. This implies 

that metal-metal correlations can span a certain range of values in the different cation 

shells of the weberite-type structure. In contrast, the pyrochlore (or fluorite) structure 

features special positions of cations with fixed coordinates, setting the value of 

metal-to-metal correlations to a specific value. The positional degrees of freedom 

provided by the weberite-type structure allow to account for the peak broadening 

and/or splitting in the G(r) of Gd2Zr2O7 and to resolve misfits at ≈3.9 Å, ≈6.5 Å and 

≈7.5 Å (see Figures 3.15 and 3.18). An attempt was made to extend the refinement 

‘box’ to at least the length of the longer axis in the weberite-type structure (≈10-12 

Å). A poor fit is obtained if none of the parameters is allowed to vary (Rw = 0.213). 

Relaxing the structure improves the fit quality (Rw =0.12), but it also leads to the 

reappearance of the misfits already observed for the pyrochlore model (Figure 3.15). 

This result confirms that the distortions and deviations from the average structure in 

Gd2Zr2O7 are limited to a sub-nanometer scale. The weberite-type model employed 

in the case of Gd2Zr2O7 was also applied for the solid solution Gd2(Ti1-xZrx)2O7. 

Starting with the Zr-endmember, Ti was initially introduced into the 6-fold 

coordinated sites (2a in Table 3.3), while Zr was distributed over both the 6-fold and 
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7-fold coordinated sites (4k in Table 3.3). In the Gd2(Ti0.5Zr0.5)2O7 composition, Ti 

and Zr cations were entirely separated into the 6-fold and 7-fold coordinated sites 

respectively, while for xZr < 0.50, Ti entered also the 7-fold coordinate site. The 

variation of Rw in the fit of PDFs across the Gd2(Ti1-xZrx)2O7 series is plotted in 

Figure 3.19. The outcome is that the weberite-type model works quite well when Ti 

is confined at the 6-fold coordinated site and the best fit is obtained precisely for 

Gd2(Ti0.5Zr0.5)2O7, (Rw = 0.073) when Ti and Zr form TiO6 and ZrO7 polyhedra. 

 

 

Instead, an increase in Rw values is found for xZr < 0.50, for which the Ti4+ ions are 

forced into 7-fold polyhedra. These results are in accordance with those obtained by 

Drey and colleagues on Ho2(Ti1-xZrx)2O7 solid solution31. In their analysis of the 

Figure 3.19 Rw values of PDF fits in the 1.8-8.0 Å windows 

with the weberite-type model in Gd2(Ti1-xZrx)2O7 series as a 

function of Zr-content.  
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short-range structure by small-box refinements of PDFs from both neutron and X-

ray data, a two-phase approach was adopted. Ti atoms were maintained into a 

Ho2Ti2O7 pyrochlore phase, whereas Zr atoms were confined into a Ho2Zr2O7 

weberite-type phase (C2221 space group). Going from the Ti-endmember to the Zr-

endmember of the series, the phase fraction of the weberite-type structure varied 

from zero to one. For the Ho2(Ti0.5Zr0.5)2O7 composition, the PDF from X-ray data 

was refined in the range 3.2-12.5 Å to a Rw value of 0.057, with a weberite-type 

phase fraction of 0.46. According to Drey and coworkers, a weberite-type model 

provides a way to reconcile the varying degrees of structural disorder observed at 

both the long-range and short-range scale in the Ho2(Ti1-xZrx)2O7 system. It was 

already mentioned in the Introduction that compositions in the Ho2(Ti1-xZrx)2O7 solid 

solution undergo a phase transition from the pyrochlore to defect fluorite structure 

when xZr ≈ 0.625. However, accumulation of anion Anti-Frenkel defects is detected 

upon Zr-substitution in the pyrochlore part of the phase diagram. The random 

movement of oxygen O1 into the vacant O3 site creates a specific cations 

coordination environment at the short-range scale, where the typical AO8 and BO6 

polyhedra of the pyrochlore structure are accompanied by new AO7 and BO7 

polyhedra. This configuration is characteristic of weberite-type compounds with 

formula A3BO7 (see the structure description Part 1). In the Ho2(Ti1-xZrx)2O7 system, 

it is assumed that, due to differences in size, Zr at the B site is more likely to become 

7-fold coordinated rather than Ti. This assumption is supported by the evidence that 

seven oxygen atoms coordinate Zr4+ in monoclinic zirconia167, and an increase in 



 
 

97 
 

coordination number of Zr has been reported in related pyrochlore systems72,74. 

Using an approach based on Pauling’s rules, O’Quinn et al. shed light on the 

disordering process that occurs in Ho2(Ti1-xZrx)2O7 on Zr-substitution24. The 

formation of an anion Anti-Frenkel defect, leading to 7-fold cations coordination 

polyhedra, restricts the movement of nearby oxygen atoms. As a result, weberite-

type nanodomains maintain a certain distance from other weberite-type clusters until 

a critical density is reached, triggering a long-range phase transition to the defect 

fluorite structure. Moreover, the presence of disordered weberite-type nanodomains 

in Ho2(Ti1-xZrx)2O7 samples is responsible for the diffuse scattering in neutron and 

X-ray diffraction patterns24,31. The increasing structural disorder detected in 

Gd2(Ti1-xZrx)2O7 with increasing Zr-content might be explained with a similar 

picture. However, it is essential to consider two crucial points. First, despite the rising 

concentration of anion Anti-Frenkel defects, the pyrochlore structure is retained at 

the long-range scale for all samples in the Gd2(Ti1-xZrx)2O7 solid solution. Second, 

the coherence length for the structural distortions mapped through a weberite-type 

model in Gd2(Ti1-xZrx)2O7 appears to be shorter (approximately 8Å) compared to the 

Ho2(Ti1-xZrx)2O7 system (≈12Å)31. It is interesting to underline that in the present 

work the application of the weberite-type model to the refinements of the PDFs in 

the low-r region gives the best result for xZr = 0.50. An increase in Rw values is 

observed for Zr-rich compositions (see Fig. 3.19). An analogous trend has been also 

observed by Drey and coworkers for their refinements of X--ray PDFs in the 

Ho2(Ti1-xZrx)2O7 system with the two-phase method31. These findings point to the 
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fact that the scheme of structural disorder might be more complex than that described 

by a weberite-type model. As a result, models with multiple phases (usually two) 

have been applied in small-box refinements of PDFs. These models combine 

pyrochlore, defect fluorite and weberite-type structures to describe the local 

coordination environments of cations31,195,196. 

An alternative description might be provided by big-box modelling of PDF data. For 

instance, Marlton and co-workers have analyzed neutron total scattering data 

collected on the Y2(Sn1-xZrx)2O7 series using a Reverse Monte Carlo (RMC) 

method168. They have shown that upon Zr-substitution, anion Anti-Frenkel pairs 

form and 7-fold coordination polyhedra are generated at the A- and B-sites. The new 

polyhedral configuration is accompanied by distortions of bond angles and bond 

distances in both the cation and anion substructures. Marlton and co-workers argued 

that the good fits of the X-ray and neutron PDFs with the weberite-type model 

obtained for the Ho2(Ti1-xZrx)2O7 series by Drey31 and Shamblin30 were essentially 

due to data collected at room temperature. The thermal broadening of the peaks 

would have hidden subtle structural features, which could not be properly modelled 

with the weberite-type.  

Another approach for developing a structural model of the local disorder in 

Gd2(Ti1-xZrx)2O7 oxides was envisaged through atomistic and DFT calculations in 

collaboration with Dr. Davide Ceresoli of Italian CNR (Consiglio Nazionale delle 

Ricerche). Here the central findings are highlighted. Atomistic simulations were used 
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to rapidly generate several configurations of the pyrochlore structure of Gd2Zr2O7 

(cubic cell of 88 atoms) with variable amounts of anion Anti-Frenkel defects. 

Subsequently, the lowest in energy of these configurations were selected and the 

corresponding atomic positions were relaxed at the DFT level. The resulting 

structures were used as models in small-box refinements of the G(r) of Gd2Zr2O7 in 

the 1.8-8.0 Å interval. During the refinements, only the lattice constant, the scale 

factor, the correlated motion parameter, and three isotropic displacement parameters 

(one for Gd, Zr and O ions) were varied, while the atomic positions were kept fixed 

at the optimized value. Low fit residuals (Rw = 0.096) were obtained when a 

combination of two simulated structures was implemented in a two-phase 

refinement. The G(r) of samples with 0 < xZr <1 were treated also with a biphasic 

model. However, Ti was introduced only into a pyrochlore phase with composition 

Gd2Ti2O7, while Zr was distributed over the pyrochlore phase and one of the 

simulated structures with Anti-Frenkel defects. The primary result is that the 

calculated G(r) from the simulated structures can effectively fit the experimental G(r) 

of Gd2Zr2O7, reproducing those features that were not adequately mapped by the 

pyrochlore model. The simulated structures are characterized by Anti-Frenkel 

defects, which are clustered around Zr atoms. As mentioned, the atomic positions 

are relaxed in response to defects formation and, therefore, the cations are shifted 

from their highly symmetric sites of the pyrochlore structure. Furthermore, some 

oxygens are found in ‘bridging’ positions between two Zr-ions and those occupying 
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the vacant O3 site tend to move towards the edge or face of a B4 tetrahedron. This 

work has been the subject of a recent publication169. 

To summarize, the structural distortions detected at the local scale in Zr-rich 

pyrochlores of Gd2(Ti1-xZrx)2O7 solid solution can be suitably described by a 

weberite-type model. Zr4+ ions can expand their coordination sphere and additional 

degrees of freedom results in new M-M correlations with respect to the pyrochlore 

structure. However, the short coherence length (smaller than its longest cell axis) and 

the mixing of cations assumed by the original weberite-type model, but negligible in 

these samples, suggest that alternative descriptions are possible. In particular, 

structural distortions caused by anion Anti-Frenkel defects need to be considered. 

Big-box modelling and theoretical calculations might represent important tools for 

developing new structural models.  
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Part 4 
 

(Nd1-xGdx)2Zr2O7 solid solution 
 

The following samples were synthesized by solid-state reaction starting from 

Nd2O3, Gd2O3 and ZrO2 as precursors. 

Compound Annealing cycles (#) 

Nd2Zr2O7 4 

(Nd0.917Gd0.083)2Zr2O7 4 

(Nd0.833Gd0.167)2Zr2O7 4 

(Nd0.750Gd0.250)2Zr2O7 4 

(Nd0.625Gd0.375)2Zr2O7 4 

(Nd0.500Gd0.500)2Zr2O7 4 

(Nd0.375Gd0.625)2Zr2O7 4 

(Nd0.250Gd0.750)2Zr2O7 4 

(Nd0.167Gd0.833)2Zr2O7 5 

(Nd0.083Gd0.917)2Zr2O7 5 

 

As will be clarified, (Nd1-xGdx)2Zr2O7 and Gd2(Ti1-xZrx)2O7 solid solutions share a 

lot of similarities regarding the investigation of both the average and short-range 

structure. Firstly, at the average scale, all compounds of the (Nd1-xGdx)2Zr2O7 series 

adopt the pyrochlore structure, as can be deduced from the presence of superstructure 

peaks in HR-XRD patterns (see for example 111P, 311P and 331P reflections in 

Figure 4.1). In contrast with Gd2(Ti1-xZrx)2O7 system, the chemical substitution of 

Gd3+ in place of Nd3+ at the A site of the structure (16d) does not result in a visible 

reduction of the intensity of superstructure peaks, because of comparable X-ray 

scattering power of Gd3+ and Nd3+.  
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The evolution of the average structure upon chemical substitution was followed by 

Rietveld refinements of HR-XRD patterns. As in the case of Gd2(Ti1-xZrx)2O7 solid 

solution, a disordered pyrochlore model was employed (see also Part 3). The 

structural parameters that were allowed to vary were the lattice constant, xO1, Uiso 

of A- , B- and oxygen-sites, occupancy of the O3 site and occupancy of Zr at the A-

site. In particular, the occupancy of O3 site was constrained to that of O1, forming 

Figure 4.1 Evolution of HR-XRD patterns of (Nd1-xGdx)2Zr2O7 series with xGd 

in the Q range 0.7 - 2.7 Å-1. Patterns were normalized and offset in a 3D graph 

for a better comparison. Superstructure peaks 111P, 311P and 331P are visible 

in the pattern of each composition. 
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an anion Anti-Frenkel pair, while the occupancy of O2 site was fixed to unity. This 

is in line with the findings of neutron diffraction studies on Nd2Zr2O7
170 and 

Nd2Hf2O7
171, where Anion Frenkel defects were detected between O1 and O3 sites, 

whereas O2 site was found fully occupied. The problem of determining the 

distribution of three cation species over two crystallographic sites was solved by 

assuming that, except for xGd = 0.000, only the Gd3+ would replace the Zr4+ at the B 

site and vice versa47 (see also Part 3 for details). As in the case of Gd2(Ti1-xZrx)2O7 

solid solution, a residual phase inhomogeneity derived from the solid-state synthesis 

was detected in the form of peak asymmetry (Figure 4.2). This feature was modeled 

using a second pyrochlore phase with a different lattice constant and larger profile 

terms to account for the broader peak shape. All the other structural parameters were 

constrained to those of the primary pyrochlore phase. With increasing Gd-content, 

an additional phase become visible and broad reflections can be identified in the HR-

XRD patterns near the structure (fluorite) peaks at higher Q values (see for example 

reflections 222P and 400P in Figure 4.1 and reflection 440P in Figure 4.3). The peaks 

of this additional phase were quite separated and could be clearly distinguished from 

the structure peaks of the main phase. Since no residual intensity was detected near 

the superstructure peaks instead, it was excluded that the additional phase had a 

pyrochlore structure. In particular, for compositions with xGd = 0.625, 0.750, 0.833 

and 0.917, this residual intensity was treated in the refinements as a defect fluorite 

phase with the same composition of the main pyrochlore phase. Again, the structural 

parameters were constrained to those of the primary phase and only a lattice constant 
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and profile terms were allowed to vary. A similar was reported in the literature for 

(Gd1-xTbx)2Zr2O7
77 and (Ho1-xNdx)2Zr2O7 

172 solid solutions prepared by 

conventional solid state synthesis and characterized by means of synchrotron and/or 

neutron diffraction.  

Examples of Rietveld refinements are plotted in Figure 4.4, 

The results of Rietveld analysis performed on HR-XRD patterns of (Nd1-xGdx)2Zr2O7 

samples are summarized in Table 4.1 and displayed in Figure 4.5. Lattice parameter 

is given as weighted average of lattice parameters of phase 1, phase 2 and phase 3 

(considering doubling of the unit cell for phase 3, see Table 4.1) 
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a 

b 

Figure 4.2 Detail of 440P reflection in HR-XRD patterns of compositions with xGd = (a) 

0.083 and (b) 0.375. Symbols represent the observed pattern, while solid lines are the 

calculated profile by Rietveld refinement. 

a 

b 

Figure 4.3 Detail of 440P reflection in HR-XRD patterns of compositions with xGd = (a) 

0.625 and (b) 0.917. Symbols represent the observed pattern, while solid lines are the 

calculated profile by Rietveld refinement. The green line is associated to the defect 

fluorite phase detected in the patterns (220F reflection)  
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Figure 4.4 Rietveld refinements of synchrotron HR-XRD profiles of (top) 

(Nd0.833Gd0.167)2Zr2O7 and (bottom) (Nd0.167Gd0.833)2Zr2O7 samples  
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xGd  0.000 0.083 0.167 0.250 0.375 0.500 0.625 0.750 0.833 0.917 

Phase 1 

s.g.  
𝐹𝑑3̅𝑚 

Weight 

Fraction 

% 

74.5 70.3 78.7 89.3 87.7 95.3 83.1 75.8 67.9 50.8 

 a / Å 10.67053(1) 10.66309(2) 10.64838(2) 10.6396(2) 10.6228(4) 10.60503(3) 10.57277(3) 10.57199(3) 10.53713(3) 10.54151(4) 

Phase 2 

s.g.  
𝐹𝑑3̅𝑚 

Weight 

Fraction 

% 

25.5 29.7 21.3 10.7 12.3 4.7 14.4 19.5 14.7 27.1 

 a / Å 10.66309(9) 10.65306(9) 10.6385(2) 10.6205(2) 10.6020(4) 10.537(2) 10.5451(6) 10.5538(3) 10.5208(2) 10.5359(1) 

Phase 3 

s.g.  
𝐹𝑚3̅𝑚 

Weight 

Fraction 

% 

- - - - - - 2.5 4.7 17.4 22.1 

 a / Å - - - - - - 5.2196(1) 5.2219(2) 5.22303(6) 5.22235(7) 

xO1  0.3353(2) 0.3367(2) 0.3373(2) 0.3380(2) 0.3390(3) 0.3392(3) 0.3416(3) 0.3412(2) 0.3456(3) 0.3472(4) 

o.f.(O3)  0.092(9) 0.15(1) 0.23(1) 0.23(1) 0.25(1) 0.28(1) 0.39(1) 0.38(1) 0.46(1) 0.50 (1) 

o.f.(ZrA)  0.013(2) 0.014(2) 0.013(2) 0.016(2) 0.016(2) 0.014(2) 0.025(2) 0.020(1) 0.041(1) 0.061(2) 

Uiso / 

Å2 
A 0.00473(5) 0.00566(7) 0.00630(6) 0.00703(7) 0.00749(8) 0.00988(9) 0.00861(6) 0.01129(7) 0.01018(7) 0.01152(9) 

 B 0.00423(7) 0.0067(1) 0.0082(1) 0.0093(1) 0.018(1) 0.0133(2) 0.0139(1) 0.0152(1) 0.0152(1) 0.0172(2) 

 O 0.0056(4) 0.0071(6) 0.011(7) 0.0097(7) 0.0103(8) 0.0126(8) 0.0113 (7) 0.0106(6) 0.0223(7) 0.0272(8) 

wRp(%)  9.3 10.1 9.5 9.3 10.8 9.1 8.2 6.6 8.2 8.8 

            

Table 4.1 Structural parameter derived from Rietveld refinements of HR-XRD patterns of (Nd1-xGdx)2Zr2O7 solid solution. 

Estimated standard deviation values are in parentheses. Those of weight fractions are not indicated because underestimated 

by the software. 
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Figure 4.5 (a) lattice parameter, (b) x-coordinate of O1, (c) occupancy factor of O3 site, 

(d) Uiso·and (e) occupancy factor of Zr at the A site as a function of Gd-content in the 

(Nd1-xGdx)2Zr2O7 solid solution. Solid line in plot (a) is a linear fit.  
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The substitution of Nd3+ with Gd3+ at the A site of the structure (16d) induces a linear 

reduction of the lattice parameter (Figure 4.5a) and a consequent shift of diffraction 

peaks to higher Q values. This trend aligns with previous reports on 

(Nd1-xGdx)2Zr2O7 solid solution48,173 or other zirconate systems where A-site 

substitution with cations of different sizes occurs49,77,174. In fact, the ionic radius of 

Nd3+ in 8-fold coordination is 1.109 Å, while that of Gd3+ is 1.053 Å. A reversed 

situation was observed in the previous section on Gd2(Ti1-xZrx)2O7 solid solution 

when substituting the smaller Ti4+ with the bigger Zr4+ at the B-site. However, the 

chemical substitution associated with the reduction of rA/rB ratio in both 

Gd2(Ti1-xZrx)2O7 and (Nd1-xGdx)2Zr2O7 solid solution leads to an increase of xO1 

(Figure 4.5b), o.f.(O3) (Fig. 6.4c), Uiso (Fig. 4.5d) and o.f.(ZrA) (4.5e) (see previous 

chapter for data on Gd2(Ti1-xZrx)2O7 series). The coordinate xO1 steadily increases 

with Gd-substitution up to xGd=0.75, then it is boosted in the Gd-rich part of the 

phase diagram (xGd = 0.833, 0.917) (Figure 4.5b), while a more linear trend was 

observed for Gd2(Ti1-xZrx)2O7 compositions. A sudden change of slope is also 

experienced by Uiso_O (Fig. 4.5d) and o.f.(ZrA) (Fig. 4.5e). The change of slope in 

the plot of xO1 vs. xGd was related to a discontinuous transition from ‘ordered 

pyrochlore’ to ‘defect pyrochlore’ in the (Nd1-xGdx)2Zr2O7 system by Mandal and 

coworkers48. They identified this transition at xGd ≥ 0.90, while, in the present study, 

it appears that such transition can be detected for xGd > 0.75. It is worth remembering 

that, in general, the xO1 parameter acts as a marker of disorder in pyrochlore 

oxides46. As was already discussed, the steps of the disordering process at the long-
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range scale are the randomization of anions and vacancies through the formation of 

anion Anti-Frenkel defects and the randomization cations over their crystallographic 

sites by cation antisite defects. It appears that in analogy with the Gd2(Ti1-xZrx)2O7 

series, there is a gradual accumulation of anion Anti-Frenkel defects between O1 and 

O3 sites, while the concentration of cation antisite defects remains low throughout 

the whole (Nd1-xGdx)2Zr2O7 series. Indeed, o.f.(O3) progressively increases from 

0.092 in Nd2Zr2O7 to 0.496 in (Nd0.083Gd0.917)2Zr2O7 (Figure 4.5c), while o.f.(ZrA) 

ranges from 0.01 and 0.02 up to xGd = 0.750, before reaching 0.06 for xGd = 0.917 

(Fig. 4.5e). Disorder in the anion substructure with a reduction of rA/rB has been 

already documented in related systems such as (Gd1-xTbx)2Zr2O7
77, (La1-xYx)2Zr2O7, 

(La1-xYx)2Hf2O7
175 and (Nd1-xHox)2Zr2O7

172. Although the refined occupancies might 

be different in those cases, there is a clear relationship with the increase of xO1, 

indicating an increase in structural disorder172. The rise in Uiso parameters is also a 

clear indication of static disorder growing within the structure on increasing xGd 

(Figure 4.5d). A similar trend was observed in Part 3 for the Gd2(Ti1-xZrx)2O7 solid 

solution as well. Residual static disorder that cannot be fully described by the 

defective pyrochlore model affects the atomic displacement parameters. 
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The structural disorder within the solid solution was further investigated by means 

of Raman spectroscopy. Figure 4.6 displays the Raman spectra of the 

(Nd1-xGdx)2Zr2O7 samples. The relevant bands that change upon chemical 

substitution are labeled from B1 to B5. Changes in frequency values are shown in 

Figure 4.7, and selected fits of vibrational bands with Gaussian functions are reported 

in Figure 4.8.  

  

Figure 4.6 Raman spectra of (Nd1-xGdx)2Zr2O7 solid solution between 100 and 1100 

cm-1 offset on the Y axis. After background subtraction, each spectrum was normalized 

between 0 and 100. The observed vibrational bands are labelled from B1 to B5. 
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Figure 4.7 Frequency of vibrational bands in the Raman spectra of (Nd1-xGdx)2Zr2O7 

solid solution as a function of Gd-content.  

 

Figure 4.8 Selected fits with Gaussian functions of Raman spectra recorded on samples 

with xGd = (a) 0.167 and (b) 0.833. 
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The experimental spectra obtained in this study closely reproduce those previously 

documented in the literature for (Nd1-xGdx)2Zr2O7 compositions48 or related systems 

like Nd2-yYyZr2O7
160 and Nd1-xDyxZr2O7

161. Starting from the Nd2Zr2O7 endmember 

(xGd = 0.000 in Figure 6.5), B1 is barely noticeable around 132 cm-1 and it seems to 

increase in intensity on Gd-substitution, though remaining quite weak. The most 

intense band B2 around 300 cm-1 clearly broadens with increasing xGd, while being 

blue-shifted. The band B3 at ≈400 cm-1 grows in intensity and, after an initial red-

shift with xGd, it appears to be blue-shifted for xGd ≥ 0.625. The second most intense 

line in the spectrum of Nd2Zr2O7 is B4 around 500 cm-1 with a shoulder near 520 

cm-1. The increase in Gd-content results in a decrease in intensity and broadening of 

B4, which merges with the weak band at ≈520 cm-1. At the same time, a new band 

(B5) around 580 cm-1, barely visible in the spectra of Nd-rich compositions, grows 

and moves towards higher wavenumbers upon Gd-addition. Furthermore, a broad 

spectral feature can be recognized in the high-wavenumber region of the spectra 

around 800 cm-1 (see Figure 4.8). The changes in the spectra of (Nd1-xGdx)2Zr2O7 

compositions with chemical substitution closely resembles those of Gd2(Ti1-xZrx)2O7 

samples presented in the previous chapter. Therefore, the band B4 can be assigned 

to the closely spaced A1g and T2g vibrational modes of the pyrochlore structure (note 

that here in Nd2Zr2O7 the splitting is more evident compared to Gd2Ti2O7), while the 

band B2 is actually a superposition of two peaks related to the Eg and to one of the 

T2g. vibrational modes49. B1 might be assigned to a forbidden IR mode activated by 

structural distortions at the local scale and involving A-site cations11,176. Two of the 
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remaining T2g modes can be attributed to the spectral lines B3 and B548. However, 

an alternative assignment will be proposed for the B5 line. Additionally, one of the 

T2g modes has been linked to the weak band at approximately 520 cm-1, which is 

noticeable in the spectrum of Nd2Zr2O7 
177–180. The broad feature present in the 

spectra of (Nd1-xGdx)2Zr2O7 compositions around 800 cm-1 (refer to Figure 4.8) has 

been also observed in the spectra of Gd2(Ti1-xZrx)2O7 samples with lower 

wavenumbers (see previous chapter). A similar band was reported for the spectra of 

pyrochlore compounds with U incorporated at the B-site of the structure and it is 

likely a result of a combination of multiple vibrational modes arising from distortions 

of the B-site polyhedron180,181.  

The two main bands B2 and B4 progressively broaden with Gd-substitution. The 

corresponding FWHM is plotted in Figure 4.9.  
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The broadening of Raman bands has been associated with increasing structural 

disorder at the local scale in the form of defects and vacancies, which allow a 

relaxation of the k = 0 selection rule and the combination of non-zone-center 

phonons48. In their work on the (Nd1-xGdx)2Zr2O7 system, Mandal and co-workers 

argued that a direct relationship exists between the increasing width of Raman bands 

with chemical substitution and disorder generated by cation antisite defects48. On the 

other hand, the analysis of the average structure of these compositions performed in 

the present thesis, revealed that the concentration of cation antisite defects remains 

low throughout the solid solution, whereas that of anion Anti-Frenkel defects 

increases. Therefore, the broadening of the Raman bands can be ascribed solely to 

disorder of anions by Anti-Frenkel defects formation. In addition, the variation in the 

Figure 4.9 FMWH for Raman bands B2 and B4 in the (Nd1-xGdx)2Zr2O7 series as a 

function of Gd-content.  
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intensity of spectral lines B4 and B5 can be explained with an argument similar to 

that used in the previous chapter on Gd2(Ti1-xZrx)2O7 solid solution. The gradual 

filling of the O3 (8a) site with oxygen atoms from the O1 site would activate a new 

vibrational mode, which can be associate to line B5. The depletion of O1 site results 

in a loss of intensity of B4 (Figure 4.10). The filling of the O3 site leads also to an 

increase in the O1-O3 interaction, which in turn results in the blue-shift of B4 and 

B5 bands (Figure 4.7). 

 

  

Figure 4.10 Intensity ratio between Raman bands B4 and B5 in the (Nd1-xGdx)2Zr2O7 

series as a function of Gd-content.  
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To further understand the source of the structural disorder, the local structure was 

analyzed by means of PDF. 

G(r) of (Nd1-xGdx)2Zr2O7 compositions in the low-r region are plotted in Figure 4.11. 

Values of peak position and FWHM for the first M-M correlation as obtained from 

single peak fitting are reported in Figure 4.12.  

 

 

  

Figure 4.11 G(r) of (Nd1-xGdx)2Zr2O7 compounds between 1.8 and 8.0 Å. PDFs were 

normalized and offset on the Y axis for a better comparison. Black arrows indicate the 

new M-M correlations arising with Gd-doping. 
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Figure 4.12 Peak r value (top) and FWHM (bottom) for the first M-M correlation in the 

PDFs of (Nd1-xGdx)2Zr2O7compounds  
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The gradual addition of Gd3+ in place of Nd3+ in the system causes a shift of the 

peaks towards lower r-values (see for example Figure 4.12, top) in accordance with 

the decrease of cell dimension already observed at the average scale. As in the case 

of Gd2(Ti1-xZrx)2O7 samples, a progressive broadening of the peaks occurs (Fig. 4.12, 

bottom) together with the appearance of new M-M correlations around 4.0, 6.7 and 

7.5 Å (black arrows in Fig. 4.11). Again, these observations suggest an increase in 

structural disorder in compositions close to the Gd2Zr2O7 endmember. 

The pyrochlore model was employed to fit all the PDFs between 1.8 and 8.0 Å. 

Selected fits are shown in Figure 4.13. 
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Another parallelism can be pointed out with the Gd2(Ti1-xZrx)2O7 solid solution. As 

the chemical substitution (xGd) increases, the pyrochlore model fails in capturing the 

local scale correlations in (Nd1-xGdx)2Zr2O7 compositions. The misfits highlighted 

by the difference curves in Figure 4.13 cannot be resolved by simply introducing 

anion Anti-Frenkel and cation antisite defects, as was done in the case of the analysis 

Figure 4.13 Selected G(r) of (Nd1-xGdx)2Zr2O7 solid solutions fitted between 1.8 and 8.0 Å. 

Experimental G(r) are depicted by blue circles, calculated G(r) by red lines and difference curves 

are in green.  
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of the average structure, where a disordered pyrochlore model was employed. The 

origin of the misfits is in the modulation of metal-metal distances, which is not 

allowed by neither the ideal nor the defective pyrochlore structure. Consistent with 

the findings in Gd2(Ti1-xZrx)2O7 samples, these modulations are restricted to the very 

local scale. Indeed, good fits were obtained when the pyrochlore model was used to 

fit the experimental PDFs in a higher r-range (9-22 Å). In Figure 4.14 the resulting 

Rw for the fits in the two probed r-windows are plotted as a function of Gd-content. 

 

The similarities between (Nd1-xGdx)2Zr2O7 and Gd2(Ti1-xZrx)2O7 compositions in the 

PDFs suggest that the short-range structure might be described by a similar model.  

Figure 4.14 Rw values of PDF fits in the 1.8-8.0 (black) and 9-22 

(red) Å windows with the pyrochlore model in (Nd1-xGdx)2Zr2O7 

series as a function of Gd-content. 
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Part 5 
 

Gd2(Zr1-xCex)2O7 solid solution 
 

The following samples were synthesized by solid-state reaction starting from 

Gd2O3, CeO2 and ZrO2 as precursors. 

Compound Annealing cycles (#) 

Gd2(Zr0.917Ce0.083)2O7 7 

Gd2(Zr0.833Ce0.167)2O7 7 

Gd2(Zr0.750Ce0.250)2O7 7 

Gd2(Zr0.625Ce0.375)2O7 7 

Gd2(Zr0.500Ce0.500)2O7 7 

Gd2(Zr0.375Ce0.625)2O7 7 

Gd2(Zr0.250Ce0.750)2O7 7 

Gd2(Zr0.167Ce0.833)2O7 7 

Gd2(Zr0.083Ce0.917)2O7 7 

Gd2Ce2O7 6 

 

HR-XRD patterns of Gd2(Zr1-xCex)2O7 series in the Q-range between 0.5 and 3.5 Å-1 

are displayed in Figure 5.1. Reflections are indexed according to a fluorite cell. The 

solid solution experiences two phase transitions at the average scale. Following the 

compositional coordinate ‘xCe’, the Zr-rich samples in the phase diagram, 

specifically those with xCe = 0.083 and 0.167, adopt the pyrochlore structure. The 

samples in the central part of the phase diagram with 0.250 ≤ xCe ≤ 0.833, form a 

defect fluorite structure, while those with xCe = 0.917 and 1.00 exhibit a C-type 

structure.  
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Although present, superstructure peaks are not visible in Figure 5.1. For this reason, 

a close-up view of the low-Q region for selected compositions is provided in Figure 

5.2. 111P pyrochlore peak for compositions with xCe = 0.083, 0.167 is weak yet sharp, 

with discernible diffuse scattering underneath. For xCe = 0.250, the pyrochlore peak 

111P is hardly visible and its intensity is comparable to that of other weak peaks 

Figure 5.1 Evolution of HR-XRD patterns of Gd2(Zr1-xCex)2O7 series with xCe 

in the Q-range 0.5 – 3.5 Å-1. Patterns were normalized and offset in a 3D graph 

for a better comparison. Reflections are indexed according to a fluorite cell. 
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belonging to spurious phases. Similarly, 211C superstructure peak indicating C-type 

ordering in samples with xCe = 0.917, 1.00 is also relatively weak, but noticeably 

broader compared to the pyrochlore reflection.  At the same time, the corresponding 

fluorite (structure) peaks are quite sharp in all the compositions (Figure 5.1). This 

behavior has been already observed in Ln-doped CeO2 and it was attributed to the 

emergence of antiphase boundaries between C-type nanodomains growing in the 

sample matrix20,128. 

 

Figure 5.2 Detail of selected HR-XRD patterns in the low-Q region. 

Unindexed reflections suggest the presence of spurious phases 

produced in the solid state synthesis. 



 
 

126 
 

 

Rietveld refinements were performed to analyze HR-XRD patterns and extract 

structural parameters. For xCe = 0.083, 0.167, a disordered pyrochlore model was 

adopted, as in the case of Gd2(Ti1-xZrx)2O7 and (Nd1-xGdx)2Zr2O7 solid solutions 

already discussed. In particular, the cell constant was refined for the structural model 

along with xO1 and isotropic displacement parameters (Uiso) of A, B and O sites. The 

occupation factor of O3 (o.f.(O3)) and that of Zr at the A site (o.f. (ZrA)) were also 

allowed to vary with opportune constraints to avoid stoichiometry changes (see Part 

3). The patterns of the defect fluorite compositions in the range 0.250 ≤ xCe ≤ 0.833 

were analysed with a defect fluorite model (general formula (A,B)4O7). In this case, 

all three cations were placed at the 4a site of the structure. Half of it was occupied 

by Gd3+, while the other half was portioned between Zr4+ and Ce4+ according to the 

nominal stoichiometry of the sample. The occupation of the oxygen site 8c was set 

to 0.875. The cell constant and two Uiso parameters were refined (one for cations and 

one for the oxygen atom). Lastly, the patterns of compositions showing C-type 

ordering (xCe = 0.917, 1.00) were treated with a C-type structural model, in which 

cations were distributed over 8b and 24d sites and anions over 48e and 16c sites. 

Again, half of the cationic sites was reserved for Gd3+ and the other half was 

partitioned between Zr4+ and Ce4+. The occupation of the oxygen site 16c was set to 

0.5. Beside the lattice constant, the coordinates of oxygen sites 48e and 16c, the x 
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coordinate of cationic site 24d, and an isotropic displacement parameter for cations 

and one for oxygen atoms were allowed to vary. 

In line with the findings already presented in the previous solid solutions, it was 

observed that the samples were not completely homogeneous, as a result of the solid-

state process employed for the synthesis of the materials. Additional intensity at 

higher Q values, detected at the tails of the main phase peaks (Figure 5.1 and Figure 

5.3), indicated the presence of secondary phases. To account for this residual 

intensity, a supplementary phase with the same structure and composition as the 

main phase but with a different lattice constant was included in the refinement. 

Specifically, for compositions with xCe= 0.083, 0.167, a second pyrochlore phase 

was added to the refinement, along with a third phase with a defect fluorite structure 

(Figure 5.3a) in analogy with compositions in solid solution (Nd1-xGdx)2Zr2O7 with 

xGd = 0.625, 0.750, 0.833, 0.917 (see Part 4). It appeared that in the present case, the 

homogeneity of the samples increased with increasing Ce-content. 
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Figure 5.3 Detail of 220F reflection (indexed according to a fluorite cell) in HR-XRD 

patterns of compositions with xCe = (a) 0.083 and (b) 0.750. Symbols represent the 

observed pattern, while solid lines are the calculated profile by Rietveld refinement.  
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Considering only the fluorite sub-structure in the Gd2(Zr1-xCex)2O7 series, the 

substitution of Zr4+ with Ce4+ leads to an expansion of the unit cell commensurate 

with the different ionic sizes of the cations. This is evidenced by the shift of fluorite 

peaks towards lower Q-values in HR-XRD patterns (see for example Figure 5.3). 

The variation of the pseudofluorite cell parameter in Gd2(Zr1-xCex)2O7 solid solution 

is shown in Figure 5.4. Half of the refined unit cell parameter was considered for 

those compositions adopting pyrochlore or C-type superstructures. 

 

 

The plot in Figure 5.4 shows how the pseudofluorite unit cell parameter changes in 

an almost linear fashion with xCe.  

Figure 5.4 Pseudofluorite unit cell parameter in Gd2(Zr1-xCex)2O7 solid solution as a 

function of Ce-content. Solid line is a linear fit to the data.  
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Examining the pyrochlore compositions (xCe = 0.083, 0.167), a mismatch in the 

position between the calculated and observed profile for the superstructure peaks was 

found (Figure 5.5). 

 

 

The calculated profile for pyrochlore superstructure peaks was invariably shifted to 

lower Q-values with respect to the experimental patterns. At the moment, it is not 

clear the origin of such mismatch.  

Parameters extracted from Rietveld refinements of HR-XRD patterns of 

compositions with xCe = 0.083, 0.167 are summarized in Table 5.1. Data for xCe = 

0.0 (Gd2Zr2O7) are also provided for comparison. As can be seen, these compositions 

attained a highly disordered pyrochlore structure. The value of xO1 reveals that the 

oxygen at the 48f site is close to the position it would have in a defect fluorite 

Figure 5.5 Close-up view in the low-Q region of the 111P pyrochlore reflection for 

compositions Gd2(Zr0.917Ce0.083)2O7 (left) and Gd2(Zr0.833Ce0.167)2O7 (right). Symbols 

represent the observed pattern, while solid red line is the calculated profile. 
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structure (xO1 = 0.375). At the same time, occupation of the O3 site is near 90 %. 

Taking into account multiplicities of O1 (48) and O3 (8) sites, this means that almost 

15 % of oxygens O1 have formed Anti-Frenkel defects with vacant O3 sites. Fort the 

Gd2Zr2O7 sample, only 6% of oxygens O1 have formed Anti-Frenkel pairs with O3 

sites.  

 

 

 

 

 

 

 

 

An increase in antisite cation defects is observed as well. It is reasonable to assume 

that in this system it is Ce4+ that firstly replace the Gd3+ at the A-site of the structure 

rather than Zr4+. However, refining the occupancy of Ce at the A-site lead to negative 

values for the occupation factor of Ce at the B-site and, consequently, only Zr and 

xCe  0 0.083 0.167 

Phase 1 

s.g.  
𝐹𝑑3̅𝑚 

Weight 

Fraction % 
89.6 64.9 65.0 

 a / Å 10.52304(2) 10.56677(3) 10.59517(3) 

Phase 2 

s.g.  
𝐹𝑑3̅𝑚 

Weight 

Fraction % 
10.4 23.3 25.1 

 a / Å 10.4790(6) 10.5490(2) 10.5697(2) 

Phase 3 

s.g.  
𝐹𝑚3̅𝑚 

Weight 

Fraction % 
- 11.8 9.9 

 a / Å - 5.2365(2) 5.2494(3) 

xO1  0.34698(4) 0.3724(9) 0.372(1) 

o.f.(O3)  0.40(1) 0.89(3) 0.95(3) 

o.f.(ZrA)  0.048(2) 0.190(4) 0.375(5) 

Uiso / Å2 A 0.01135(8) 0.0172(3) 0.0172(4) 

 B 0.0182(2) 0.0164(4) 0.0175(5) 

 O 0.0233(9) 0.0495(9) 0.0453(8) 

wRp(%)  7.6 10.3 9.7 

Table 5.1 Parameters obtained from Rietveld refinement of HR-XRD patterns of 

compositions Gd2Zr2O7, Gd2(Zr0.917Ce0.083)2O7 and Gd2(Zr0.833Ce0.167)2O7.  
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Gd were considered in the formation of cation antisite defects. The o.f.(ZrA) goes 

from 0.048 in Gd2Zr2O7 to 0.190 in Gd2(Zr0.917Ce0.083)2O7 and 0.375 in 

Gd2(Zr0.833Ce0.167)2O7 samples, indicating an escalation of disorder in the cations 

array. The radii ratio rA/rB calculated with the nominal occupancies at the A- and B-

sites is around 1.44 for xCe = 0.083 and 1.41 for xCe = 0.167. The value that defines 

the boundary for the pyrochlore/defect fluorite stability field is 1.46 (Gd2Zr2O7, see 

Part 1). The fact that a pyrochlore structure is found also for these compositions with 

low Ce-content is in line with previous investigations, reporting an enlargement of 

the stability field of the pyrochlore structure well beyond the limiting value due to 

cation antisite defects182.  

HR-XRD of compositions in the range 0.250 ≤ xCe ≤ 0.833 were analysed by using 

a defect fluorite model in the Rietveld refinements. Relevant parameters are reported 

in Table 5.2. The variation of the isotropic displacement parameters (Uiso) for metal 

and oxygen atoms in this series is plotted in Figure 5.6.  
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Uiso values obtained for the cations are surprisingly higher than those obtained for 

the anions and do not show any significant trend. On the other hand, those for oxygen 

anions gradually decrease up to xCe = 0.750. A sudden increase is observed for xCe = 

0.833. This trend might suggest that static disorder in the anion array decreases in 

the defect fluorite part of the phase diagram before being enhanced at the onset of 

the C-type phase transition.  

Figure 5.6 Uiso of metal (black) and oxygen atoms in compositions 0.250 ≤ xCe ≤ 0.833 

as a function of Ce-content. 
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xCe  0.250 0.375 0.500 0.625 0.750 0.833 

Phase 1 

s.g  
𝐹𝑚3̅𝑚. 

Weight 

Fraction 

% 

68.9 74.7 80.6 84.0 89.3 88.2 

 a / Å 5.31192(2) 5.33302(2) 5.35852(2) 5.38141(2) 5.39596(1) 5.40752(1) 

Phase 2 

s.g  
𝐹𝑚3̅𝑚 

Weight 

Fraction 

% 

31.1 25.3 19.4 16.0 10.7 11.8 

 a / Å 5.2894(2) 5.3042(2) 5.3278(2) 5.3563(3) 5.3715(3) 5.3912(2) 

Uiso / Å2 A 0.01906(8) 0.01891(8) 0.02133(8) 0.02039(7) 0.02015(8) 0.02028(8) 

 O 0.0085(8) 0.0070(8) 0.0053(7) 0.0020(6) 0.0016(6) 0.0292(7) 

wRp(%)  8.7 10.5 9.0 9.6 10.7 11.4 

Table 5.2 Parameters obtained from Rietveld refinement of HR-XRD patterns of compositions 0.250 ≤ xCe ≤ 

0.833. Estimated standard deviation values are in parentheses. Those of weight fractions are not indicated 

because underestimated by the software. 
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Results of Rietveld refinements for HR-XRD of C-type samples (xCe = 0.917, 1.00) 

are provided in Table 5.3. 

 

 

 

 

 

 

The results are in accordance with those reported by Grover et al.35 and Scavini et 

al.40 on microcrystalline samples in the Gd2O3-CeO2 system with a C-type structure. 

However, in the present case the wRp values of the refinements are inexplicably high 

compared to the aforementioned studies and to the other refinements performed on 

HR-XRD patterns in this thesis. The reason for this behaviour is not clear at the 

moment. The Rietveld plots for compositions xCe = 0.917, 1.00 are displayed in 

Figure 5.7. 

  

xCe  0.917 1.00 

a / Å  10.83165(3) 10.85320(1) 

s.g.  𝐼𝑎3̅ 𝐼𝑎3̅ 

xM2  -0.00436(8) -0.00526(7) 

xO1  0.384(1) 0.3848(9) 

yO1  0.138(1) 0.1364(9) 

zO1  0.382(2) 0.382(1) 

xO2  0.376(4) 0.375(3) 

Uiso / Å2 M 0.0212(1) 0.0210(1) 

 O 0.019(1) 0.017(1) 

wRp(%)  15.7 19.8 

Table 5.3 Parameters obtained from Rietveld refinement of HR-XRD patterns of 

compositions xCe = 0.917, 1.00. 
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Figure 5.7 Rietveld refinements of synchrotron HR-XRD profiles of (top) Gd2Ce2O7 

and (bottom) Gd2(Zr0.083Ce0.917)O7 samples  
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A systematic investigation on Gd2(Zr1-xCex)2O7 solid solution has been conducted 

by Reid and colleagues39. XRD analysis indicated that samples with 0≤xCe≤0.125 

were pyrochlore-like, those with 0.125<xCe<0.825 adopted a defect fluorite 

structure, while those with 0.825≤xCe≤1.00 crystallized in the C-type structure. 

Considering that limiting compositions at the border of the pyrochlore/defect fluorite 

and defect fluorite /C-type regions showed weak and diffuse superstructure peaks, 

the phase diagram established by Reid and coworkers is consistent with that reported 

in this thesis. What is particularly intriguing is their analysis of superstructure 

reflections in electron diffraction patterns. Electron diffraction proved to be very 

sensitive to cations and anions ordering. In particular, defect fluorite compositions 

were characterized by disordered anions and vacancies, but with some degree of 

short-range cations correlations. Moreover, an incommensurate C-type structure was 

identified in the Gd2(Zr0.5Ce0.5)2O7 composition. 
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The analysis of HR-XRD patterns has revealed that the samples in this solid solution 

experience two phase transitions at the average scale. Raman spectroscopy provides 

further insights into the structural transformations that occur upon Ce-substitution. 

Raman spectra of Gd2(Zr1-xCex)2O7 series are displayed in Figure 5.8. The overall 

profile of the spectra undergoes a profound change throughout the whole 

compositional range, much more than the spectra discussed for the solid solutions of 

the previous chapters.  

In this case, the relevant vibrational bands that change and/or appear in the spectra 

upon Ce-substitution were labelled from P1 to P6. The frequency shifts obtained 

after background subtraction and fitting of the peaks with Gaussian functions are 

plotted in Figure 5.9, while selected fits are shown in Figure 5.10. 
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Figure 5.8 Raman spectra of Gd2(Zr1-xCex)2O7 solid solution between 100 and 1100 

cm-1 offset on the Y axis. After background subtraction, each spectrum was normalized 

between 0 and 100. The observed vibrational bands are labelled from P1 to P6 
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Figure 5.9 Frequency of vibrational bands in the Raman spectra of Gd2(Zr1-xCex)2O7 

solid solution as a function of Ce-content.  

 

Figure 5.10 Selected fits with Gaussian functions of Raman bands in the spectra of 

compositions with xCe = (a) 0.083 and (b) 1.00. 
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The band P1 in the low-wavenumber region of the spectrum of composition 

Gd2(Zr0.917Ce0.083)2O7 around 120 cm-1 appears to sharpen on Ce-substitution, while 

being slightly red-shifted. A weak band around 205 cm-1 grows in intensity as the 

Ce-content rises, becoming clearly visible in the spectrum of Gd2Ce2O7 endmember 

denoted as P2. The main spectral feature in the spectrum of Gd2(Zr0.917Ce0.083)2O7 

sample at ≈ 320 cm-1 appears to broaden when Zr is substituted with Ce and, 

eventually, it evolves in the band P3 from composition with xCe = 0.625 onwards. A 

similar trend is observed for the other prominent band in the spectrum of 

Gd2(Zr0.917Ce0.083)2O7 sample at ≈ 412 cm-1, as it broadens and shifts towards lower 

wavenumbers. Starting from xCe = 0.625, this band is identified as the peak marked 

P4, and is placed around 370 cm-1 in the spectrum of xCe = 1.00. A new spectral 

feature labelled P5 emerges at ≈ 486 cm-1 in the spectrum of composition with xCe = 

0.500. P5 progressively sharpens and grows in intensity on Ce-substitution, 

ultimately becoming the most intense vibrational band in the spectrum of. Gd2Ce2O7. 

The band indicated as P6 in Figure 5.8 around 600 cm-1 seems to grow and move 

towards lower wavenumbers as Zr is being substituted by Ce. A similar spectral 

evolution has been recently reported by Nandi and co-workers for the Raman spectra 

measured on the Nd2(Zr1-xCex)2O7 series178. 

Only the spectra of samples with low Ce-content (0.083≤xCe≤0.250) resemble that 

of Gd2Zr2O7, which, as discussed in Part 3, despite having a pyrochlore ordering at 

the long-range scale, was disordered at the local scale. As indicated by Rietveld 



 
 

142 
 

refinements, pyrochlore compositions with xCe = 0.083, 0.167 have a higher 

concentration of anion Anti-Frenkel and cation antisite defects than Gd2Zr2O7. 

Notably, the Raman spectra also suggest an increase in structural disorder at the local 

scale. A band at ≈ 514 cm-1, which is related to the A1g mode of the pyrochlore 

structure and associated to the vibration of O1 in the [100] direction towards the 

vacant site O370,121,140, has almost disappeared in the spectra of Gd2(Zr0.917Ce0.083)2O7 

and Gd2(Zr0.833Ce0.167)2O7 samples. In fact, the formation of Anti-Frenkel pairs 

through the occupation of vacant O3 site by O1 oxygen ions results in a decrease in 

intensity of the A1g mode105,144. At the same time, a new mode is activated, which 

corresponds to the band P6143 (see also Part 3). A general broadening induced by 

static disorder within the structure100 affects the remaining pyrochlore bands at ≈ 320 

cm-1 and 412 cm-1 and formally forbidden lines, such as P1 and P2, appear in the low 

wavenumbers region. These bands might be related to IR modes activated when 

displacive disorder of Gd and O2 ions lowers the local symmetry104,134. Samples in 

the compositional range 0.250 ≤ xCe ≤ 0.833 adopt an average defect fluorite 

structure, though the limiting compositions of this series show evidence of weak 

and/or broad superstructure peaks related to pyrochlore (xCe = 0.250) or C-type (xCe 

= 0.833) ordering. It is worth remembering that compounds with an ideal fluorite 

structure exhibit only one spectral line related to a T2g mode in the Raman 

spectrum111, whereas defect fluorite compounds show a complete broadening of this 

band49,100 (see also Part 2). In the present case, the Raman spectra of defect fluorite 

samples are characterized by different distinct bands. Clearly, those modes that 
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derived from the pyrochlore spectrum are quite broad, but they seem to sharpen in 

Ce-rich compounds and form new vibrational bands in the spectrum of Gd2Ce2O7 

(see for example P3 and P4). Other lines such as P1, P2 and P6 are also present and 

confirm that a certain degree of ordering is preserved at the local scale despite the 

long-range defect fluorite structure. Furthermore, the new band P5 gradually appears 

and intensifies in the spectra of these defect fluorite compositions. Samples with xCe 

= 0.917 and 1.00 exhibit a long-range C-type structure. Although 22 Raman active 

modes (4Ag+4Eg+14Tg) are derived by factor group analysis of a C-type structure, 

less than half of the predicted modes are observed experimentally114. In the series 

under analysis, the signature of C-type ordering is the band P4 at ≈ 370 cm-138,183–185. 

Banerji and coworkers observed a Raman band located around 370 cm-1 in the 

spectra of Ce1-xGdxO(2-x)/2 compounds183. This band originated from xGd = 0.2 and 

ultimately evolved in the line at ≈ 354 cm-1 in the Gd2O3 endmember, corresponding 

to the vibration of oxygens around Gd in six-fold coordination. A similar band has 

also been reported for Nd-38, Sm-184, Er-186 and Yb-187 doped CeO2. However, the 

dominant peak in the spectra of C-type compounds (xCe = 0.917, 1.00) is P5 at ≈ 486 

cm-1. Previous studies have shown that a band near 480 cm-1 appears in the spectrum 

of doped ceria on increasing cationic substitution as a high-frequency shoulder of the 

T2g mode of CeO2 located at ≈ 465 cm-1 183,185. Banerji and colleagues interpreted 

this high-frequency component on the basis of different Ce-O and Gd-O interatomic 

distances as derived from EXAFS analysis. The Gd-O distances are always larger 

than the Ce-O distances in the Gd2O3-CeO2 system188. Therefore, Gd-O distances 
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would experience a compressive stress in a CeO2 matrix with a fluorite-like 

environment and, as a result, the Gd-O vibration would have a higher frequency with 

respect to the nominal value of 465 cm-1 reported for CeO2
183. Additional lines P3 

and P6 at ≈ 268 and 586 cm-1 respectively in the spectrum of Gd2Ce2O7 are 

commonly assigned in the literature to defects-induced bands38,183,184,189. In 

particular, the introduction of aliovalent cations like Gd3+ in the structure of CeO2 

causes the formation of anion vacancies for charge compensation. Different metal-

oxygen-vacancy complexes can then give rise to different vibrations and new modes 

can be activated in the spectra190. Interestingly, looking at the phonon dispersion of 

CeO2, there are two modes with frequency around 290 and 590 cm-1 at the centre of 

Brillouin zone, beside the T2g mode with frequency 465 cm-1.  These modes have 

symmetry T1u and are not Raman active. However, the presence of defects within the 

structure can relax the selection rules and allow for new modes to be activated and 

observed experimentally185.  
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A closer inspection of the local structure was performed by PDF analysis. G(r) 

functions of Gd2(Zr1-xCex)2O7 compositions in the low-r region are displayed in 

Figure 5.11.  The peak position and FWHM for the first M-M correlation as obtained 

by single peak fitting are reported in Figure 5.12.  

 

 

  

Figure 5.11 G(r) of Gd2(Zr1-xCex)2O7 compounds between 1.8 and 8.0 Å. PDFs were 

normalized and offset on the Y axis for a better comparison. 
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Figure 5.12 Peak position (top) and FWHM (bottom) for the first M-M correlation in 

the G(r) of Gd2(Zr1-xCex)2O7 compounds as afunction of Ce-content. 
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As in the case of Raman spectra, a marked change of the G(r) is observed as a result 

of two phase transitions at the average scale. All the peaks move towards higher r-

values on Ce-substitution in response to the expansion of the sub-cell detected at the 

average scale by HR-XRD (see for example Fig. 5.12, top). The first broad peak at 

≈ 2.3 Å corresponding to M-O distances appears to sharpen on Ce-substitution. 

Similarly, a sharpening effect is also experienced by the peak around 3.7 Å, which 

is related to the first M-M distances in fluorite-oxides (see Fig. 5.12, bottom). A new 

M-M correlation emerges in Ce-rich samples at ≈4.1 Å. The peak around 5.3-5.4 Å 

also derives from M-M interatomic distances and is quite broad in the G(r) of sample 

with xCe = 0.083. Upon Ce-substitution, the peak sharpens and shift towards higher 

r-values. Another intense, although broad, peak is located near 6.4 Å. With 

increasing Ce-content, this feature appears to split into two components that are still 

very close to each other in the PDF of Gd2Ce2O7 end member. The progressive Ce-

doping in Gd2(Zr1-xCex)2O7 samples leads also to the separation of two M-M 

correlations that can be found around 7.6-7.9 Å.  

The short-range ordering of Gd2(Zr1-xCex)2O7 compounds appear to be quite different 

from that already discussed in the previous chapters. In contrast to Gd2(Ti1-xZrx)2O7 

and (Nd1-xGdx)2Zr2O7 solid solutions, the reduction of rA/rB with the compositional 

coordinate (xCe) is accompanied by a progressive sharpening of the main peaks 

associated with M-M correlations. This means that the corresponding interatomic 

distances become more uniform, with their values closely spaced around a certain r.  
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As can be evidenced from Figure 5.12 (bottom), the FWHM of the first M-M peak 

slightly diminishes up to xCe = 0.625, then rapidly decreases with the introduction of 

more Ce in the system. 

The modelling of the PDFs of Gd2(Zr1-xCex)2O7 solid solution in the low r-region 

through small box refinements is still at its first stages. However, preliminary tests 

using the structural models of the average structures have revealed that high residuals 

are obtained for all PDFs in the r-range 1.8-8.0 Å. Furthermore, Rw values steadily 

increase with increasing Ce-content (Figure 5.13). This finding suggests that, at the 

local scale, the deviation from the average structure becomes more pronounced as 

more Ce is introduced in the system. Interestingly, going beyond the very short-range 

scale and fitting the PDFs in the 9-22 Å interval with the average structural models, 

results in satisfactory fits for all the samples, although Rw values tend to increase in 

the Ce-rich part of the phase diagram. Distortions and deviations from the long-range 

structure might extend further in the mesoscopic scale for these compositions.   
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Figure 5.13 Rw values of PDF fits of Gd2(Zr1-xCex)2O7 series in the 1.8-8.0 Å (triangles) 

and 9-22 Å (circles) window. A pyrochlore model has been adopted for xCe≤0.167 

(red), a defect fluorite model for 0.250≤xCe≤0.833 (black) and a C-type model for 

xCe≥.0.917 (blue).  
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Conclusions and future prospects 
 

 

A study on structural disorder in A2B2O7 pyrochlore oxides has been performed 

within this PhD project. The focus of the work was the composition Gd2Zr2O7, which 

exhibited high radiation resistance, making it a potential matrix for radionuclides 

disposal. The structural disorder was controlled through chemical substitution with 

isovalent cations at the A- and B sites. Solid solutions in the form of 

Gd2(Ti1-xZrx)2O7, (Nd1-xGdx)2Zr2O7 and Gd2(Zr1-xCex)2O7 were produced and 

characterized at the average scale using High-resolution X-ray diffraction (HR-

XRD) and at the short-range scale using Raman spectroscopy and the analysis of the 

Pair Distribution Function (PDF). 

The solid-state synthesis was employed to prepare all the samples. Although the 

method is simple, long annealing steps with intermediate grounding of the reaction 

mixture are necessary to produce a homogeneous sample.  

As confirmed by Rietveld refinements of HR-XRD patterns and PDF analysis, the 

gadolinium titanate Gd2Ti2O7 is the more ordered sample of all the investigated 

compositions. In fact, it retains an almost ideal pyrochlore structure at both the long-

range and short-range scale. However, small structural distortions have been detected 

even in Gd2Ti2O7 by the appearance of additional weak vibrational bands in the 

Raman spectrum108. In the Gd2(Ti1-xZrx)2O7 and (Nd1-xGdx)2Zr2O7 solid-solutions a 

pyrochlore structure is retained throughout the whole series. Nevertheless, the 
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structural disorder increases as the radii ratio rA/rB decreases and the boundary 

between the stability fields of pyrochlore and defect fluorite structures is approached. 

A hierarchy of disorder between cations and anions is observed within the average 

structure. Initially, the anions form Anti-Frenkel pairs between the occupied O1 site 

and the vacant O3 site. As compositions converge to the Gd2Zr2O7 endmember, 

cations begin to switch sites forming antisite defects. Regardless, an increase in 

isotropic displacement parameters directly indicates a rise in static disorder as rA/rB 

diminishes. The accumulation of disorder at the long-range scale leads to a 

progressive broadening of the pyrochlore vibrational bands in the Raman spectra. 

Notably, a new spectral feature at ≈ 600 cm-1 grows as the O3 site is being occupied 

and other forbidden bands appear, suggesting the presence of cations displacive 

disorder and a lowering of the local symmetry. Indeed, the analysis of the PDFs in 

the low-r region reveals that new metal-to-metal correlations arise in those samples 

with a low rA/rB value. These deviations from the average structure are limited to a 

sub nanometer scale (≈ r < 8 Å). The weberite-type was used as a model for the short-

range structure of Zr-rich compositions in Gd2(Ti1-xZrx)2O7. The weberite-type 

supplies the positional degrees of freedom of cations needed to capture the additional 

correlations observed in the PDFs and also provides a model for reconciling the 

disorder observed at the long-range and short-range scale. The anion Anti-Frenkel 

defects detected in the average structure lead to the formation of a characteristic local 

coordination environment. Specifically, layers of AO8 and BO6 polyhedra alternate 

with AO7 and BO7 polyehdra, creating a configuration typical of the weberite-type 
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structure. The weberite-type model will be also tested in the fitting of PDFs of 

(Nd1-xGdx)2Zr2O7 compositions in the low-r range. However, the disorder affecting 

these pyrochlore system when rA/rB decreases and approaches the limiting value for 

the pyrochlore/defect fluorite stability field appears to be more complex than a single 

phase can describe. Alternatives to this approach might be the big-box modelling of 

PDF data or models derived from atomistic calculations, as those mentioned in Part 

3 and developed by Dr. Davide Ceresoli parallel to the present work. 

A separate mention deserves the Gd2(Zr1-xCex)2O7 solid solution. Although the Zr4+ 

is substituted with the isovalent Ce4+, the size difference of the two cations results in 

profound structural changes between the Gd2Zr2O7 and Gd2Ce2O7 endmembers. At 

the long-range scale, Zr-rich compositions adopt a pyrochlore structure with a 

significant concentration of anion Anti-Frenkel and cation antisite defects. In 

contrast, the majority of samples in the central part of the phase diagram crystallize 

in a defect fluorite structure, whereas Ce-rich compositions exhibit a C-type 

ordering. These phase transitions at the average structure are coupled with complex 

reconstructions at the short-range scale. In this regard, Raman spectra provide clear 

evidence of the deviation from the average structure, as different vibrational bands 

attributed to defects appear. Additionally, PDF analysis demonstrates that new 

metal-metal interatomic distances are generated. 

In conclusion, the work conducted in this PhD thesis have confirmed that the 

structural disorder increases in the Gd2(Ti1-xZrx)2O7 system with increasing Zr-
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content. Despite remaining pyrochlore-like when prepared at 1500 °C, the Gd2Zr2O7 

composition displays significant deviation from the average structure at the local 

scale. Its intrinsic capability to reorganize the local coordination environment of 

cations in response to defects formation allows Gd2Zr2O7 to accommodate additional 

disorder (e.g. when subjected to high radiation doses). Moreover, the introduction of 

surrogates of radioactive elements (Nd3+ and Ce4+) into the structure of Gd2Zr2O7 

induces other structural changes commensurate with the radii ratio rA/rB. Further 

studies are needed to analyze the behavior of gadolinium zirconate in double doped 

compositions (Nd1-yGdy)2(Zr1-zCez)2O7. A major challenge will be that of reconciling 

the weberite-type, which is the current accepted model for the local structure in 

disordered fluorite oxides, with the experimental results obtained from these 

systems. The use of a chemical sensitive probe such as EXAFS will serve as 

complement to analyze the first atom-atom correlations in more detail. Of particular 

concern will remain the study of the structural disorder in pyrochlore and defect 

fluorite oxides as a function not only of composition but also of external conditions 

(ion irradiation, pressure etc.) and preparation methods (solid-state vs sol-gel etc.).  
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Appendix A 
 

Disposal of radioactive waste 

Several human activities produce radioactive wastes, including research, industry, 

mining operations, medical procedures, nuclear power plants and reprocessing of 

nuclear weapons198,199. The final destiny of radioactive wastes is their disposal, 

which must be accomplished with utmost consideration according to the fundamental 

safety objective of protecting people and the environment from the threat posed by 

ionizing radiation200,201. This step is particularly critical, especially for waste that is 

classified as High-Level Waste (HLW) due to its significant concentration in long-

lived radionuclides202,203. According to the Nuclear Safety and Security Glossary of 

the International Atomic Energy Agency (IAEA), disposal is defined as the 

‘emplacement of waste in an appropriate facility without the intention of retrieval’204. 

The accepted method of disposal, which complies with the safety standards, involves 

burying HLW in geological formations located hundreds of meters below the 

surface203. A multi-barrier approach is employed to prevent the contamination of the 

biosphere by radionuclides. In this approach, the geological formation serves as the 

outermost barrier, while the waste form, in which the radionuclides are embedded, 

acts as the primary barrier205–207. The present thesis will focus on the structural study 

of crystalline phases belonging to the pyrochlore family, which have the potential to 

serve as waste forms for radionuclides. 
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Among the aforementioned activities that produce radioactive wastes, the use of 

nuclear energy to generate electricity and the reprocessing of nuclear weapons stand 

out as the primary sources of HLW. In terms of nuclear weapons, the production of 

plutonium for military purposes is currently limited. However, it has been estimated 

that approximately 300 metric tons of plutonium have been produced globally for 

the development of warheads, primarily by Russia and the United States199. By the 

present time, thousands of those weapons have been dismantled, resulting in the 

production of HLW containing tens of metric tonnes of weapons-grade plutonium 

and hundreds of tons of enriched uranium that require reprocessing5,208. On the other 

hand, nuclear power, along with renewable energy sources, represents a valuable 

resource for transitioning away from fossil fuels and mitigating the climate crisis. 

While it does not produce CO2 as waste, the use of nuclear power for electricity 

generation results in a kind of high-level waste known as spent nuclear fuel 

(SNF)209,210. Considering a modern light-water reactor with a capacity of 1GW(e), 

approximately 25 metric tonnes of SNF are generated annually116,211. In contrast, 

generating the same capacity by burning coal produces approximately 6.5 million 

metric tonnes of CO2 along with 300,000 tonnes of harmful ashes and thousand 

tonnes of other gases212. According to projections by IAEA, in the best-case scenario, 

the nuclear generating capacity is expected to double to 792 GW(e) in 2050 from 

393 GW(e) in 2021213. Even if we consider the present situation, 437 nuclear power 

reactors are in operation or suspension worldwide, with a total capacity of 

approximately 390 GW(e). Additionally, there are 57 reactors under construction, 
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with a combined capacity of approximately 59 GW(e)214. This means that 

approximately 12,000 metric tonnes of SNF are produced every year, which, as 

HLW, requires proper disposal116. 

At the industrial scale, the method of choice for producing waste forms for HLW is 

the vitrification process215–218. HLW is combined with glass frit and melted at a 

temperature between 1100-1200 °C. The resulting molten glass is then cast into a 

metallic canister, which is stored temporarily while awaiting disposal198,205,219. 

Several glass formulations have been developed during the years, comprising 

borosilicate, aluminosilicate and phosphate glasses198,205,220. The radionuclides and 

other elements present in high-level waste are effectively immobilized by being 

incorporated into the three-dimensional framework of the glassy matrix. Vitrification 

of HLW is a consolidated technology, as the glass can be easily prepared. In addition, 

the amorphous nature of the glass enables the incorporation of a wide range of 

elements, and its proven radiation resistance and chemical durability make it an ideal 

waste form198,205. However, an alternative option for radionuclides waste forms was 

envisaged in ceramic materials221. Being crystalline phases, they are 

thermodynamically stable when compared to glasses and can in principle provide 

superior performances in the immobilization and retention of HLW in geological 

repositories205. In the framework of ceramic materials, Ringwood proposed the 

SYNROC (SYNthetic ROCk) waste form222. This system was based on the 

combination of titanate minerals such as hollandite (BaAl2Ti5O14), perovskite 



 
 

158 
 

(CaTiO3) and zirconolite (CaZrTi2O7), which can act as host matrices for 

radionuclides, and rutile (TiO2) to provide chemical buffering223. The idea was to 

mimic natural mineral phases by utilizing synthetic analogues to encapsulate 

radioactive elements. Naturally occurring minerals are known to effectively host 

radionuclides in their crystal structure, remaining stable for millions of years even 

under harsh conditions224. A recent overview of the Synroc technology has been 

provided by Gregg and colleagues225. 

Different generations of SYNROCs were developed for different waste streams. The 

one that was tailored for the disposition of SNF and in particular for actinide 

immobilization, was SYNROC-F, which contained pyrochlore (CaUTi2O7) as the 

predominant crystalline phase226,227. It should be emphasized at this point that a wide 

range of chemical elements are produced during nuclear reactions resulting in an 

extremely complex composition of the waste stream that is the spent nuclear fuel. 

Several parameters influence the composition of SNF, including the initial 

composition of the fuel, the extent of fission (referred to as burn-up) and the energy 

spectrum of neutrons used in the fission process205,228,229. Nevertheless, the primary 

elements contributing to the total radiotoxicity in the time scale of a geological 

repository are all long-lived actinides such as the isotopes of U (235U with half-life 

of 0.70 billion years, 238U with half-life of 4.5 billion years) and transuranic elements 

formed by neutron capture and β-decay, like 237Np (2.1 million years) and 239Pu 

(24,100 years)205,209,230. The solubility of these actinides in the common borosilicate 
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glasses employed for HLW disposal is generally low198 and it is highly dependent on 

the oxidation state219. Therefore, there has been growing interest in studying 

alternative waste forms that can accommodate higher loading of actinides 

isotopes231. It is important to highlight that, currently, no operational facility for 

Synroc production exists in the world. However, the first treatment facility is under 

construction at the Australian Nuclear Science Technology Organisation (ANSTO). 

Although the facility will be focused on 99Mo from nuclear medicine, it will provide 

the first industrial demonstration of Synroc technology225. Additionally, it is 

noteworthy that glass-ceramic composite materials have been proposed as a means 

to enhance the properties of nuclear glasses while addressing the challenges posed 

by complex waste streams198,205,232. 

 

Pyrochlores for actinides immobilization 

Significant effort has been dedicated to exploring pyrochlore compositions that can 

act as waste forms for actinides. A comprehensive review of this research field can 

be found in the work of Ewing and colleagues5, while more recent publications are 

those of McMaster210, and Wang116. With the general formula A2B2X6Y, four 

crystallographic sites are available to accommodate a vast array of chemical 

elements in the pyrochlore structure11,12.  

Among the various compositions, titanate pyrochlores attracted much interest for 

their chemical durability5. The first studies were focused on CaUTi2O7, CaPuTi2O7 
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and Gd2Ti2O7 compositions233. In the host matrix, the presence of Gd, which is a 

high neutron absorber, is of particular interest, especially for the immobilization of 

fissile 239Pu and 235U in HLW230. However, as already mentioned for glassy matrices, 

one of the fundamental properties of a potential waste form that needs to be evaluated 

is radiation resistance198. Radioactive elements emit various kinds of radiation, 

which can result in structural damage to the waste form216. The main source of 

damage in the long term in pyrochlore matrices is the α-decay of actinides and their 

daughter products231. The emission of alpha particles, along with the recoil of the 

emitting nuclei induces self-heating of the material, ionization, electronic excitations 

and atomic displacements5. The radiation damage has been investigated by studying 

natural pyrochlores containing U and Th216,234, or by doping synthetic phases with 

short-lived isotopes, such as 244Cm (half-life 18 years) or 238Pu (half-life 87 

years)233,235,236. Another approach consists in simulating the radiation damage 

induced by α-decay through ion-beam irradiation5,216,237. In a systematic study 

conducted by Lian and coworkres, titanate pyrochlores of the series A2Ti2O7 (with A 

= Sm to Lu, and Y) were irradiated with 1 MeV Kr+ at different temperatures and 

characterized by transmission electron microscopy (TEM) and selected-area electron 

diffraction (SAED)238. All the samples were readily amorphized and the ion fluence 

at which the disordering process occurred (critical amorphization fluence) was 

determined for each sample and temperature (Figure A1). The ion fluence is often 

converted into displacement per atom (dpa) units. This conversion enables a 

straightforward comparison of radiation effects on materials exposed to various types 
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of radiation230,239. It was observed that a significant increase in the critical 

amorphization fluence occurred at a specific temperature. This temperature value 

varied depending on the sample and was referred to as the critical amorphization 

temperature (Tc). It represents the temperature at which the rate of amorphization 

equals the rate of recrystallization, resulting in damage recovery5. A high critical Tc 

means that certain materials will be more susceptible to amorphization at low ion 

fluences. Gd2Ti2O7 exhibits the highest of all rare-earth titanate pyrochlores and this 

is an undesirable outcome since the gadolinium titanate was envisaged for Pu 

disposition230. 

 

Other compositions were explored. Starting from the Gd2Ti2O7 end member, a solid 

solution with Zr was produced in the form of Gd2(Ti1-xZrx)2O7 and irradiation with 1 

Figure A1 Critical amorphization fluence expressed 

as displacements per atom (dpa) as a function of 

temperature [from Ref. 238, 239] 
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MeV Kr+ was employed to investigate the change in radiation resistance with 

composition53. It was found that the critical amorphization temperature dramatically 

decreased with Zr-substitution. The authors observed that no amorphization occurred 

for xZr >0.5 above 380 K and only 30 % of the sample with xZr = 0.75 was converted 

to amorphous at cryogenic temperatures. Remarkably, no amorphization occurred 

for the Gd2Zr2O7 end member, even at extremely high ion fluences, corresponding 

to a radiation dose accumulating over 30 million years in a waste form hosting 10 % 

wt of 239Pu53. The structural transition upon irradiation in Gd2(T1-xZrx)2O7 samples 

was followed by Transmission Electron Microscopy (TEM) images and Selected 

Area Electron Diffraction (SAED) patterns. As shown in Figure A2, the Gd2Ti2O7 

composition transformed from an ordered pyrochlore structure to a disordered 

amorphous state. In the case of Gd2Zr2O7 the material retained its crystalline nature 

and converted from the pyrochlore to an anion deficient fluorite (or defect fluorite) 

structure with general formula (Gd,Zr)4O7. This phase transition occurs by a 

complete randomization of cations and anions over their crystallographic sites and 

can be evidenced from the loss of a specific set of reflections in the diffraction 

patterns (see Figure A2 lower-right panel).  
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Since the discovery of radiation resistance in gadolinium zirconate, the response of 

the Gd2(Ti1-xZrx)2O7 series towards irradiation has been thoroughly investigated69–

71,82,132,240,241. Typically, before and after being irradiated, the samples are 

characterized by means of X-Ray Diffraction (XRD), High Resolution Transmission 

Electron Microscopy (HRTEM) and Raman spectroscopy to obtain structural 

information about changes at both the average and the local scale. It is widely 

recognized that irradiation with heavy ions induces structural disorder in these 

oxides. In compositions with high Ti-content, the disordering process drives the 

Figure A2 High resolution TEM images and SAED patterns of Gd2Ti2O7 (left panels) 

and Gd2Zr2O7 (right panels) compositions before (upper panels) and after (lower 

panels) irradiation 1 MeV Kr+ [from Ref. 53]. 
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structure towards amorphization, whereas in Zr-rich samples the disordering results 

in a phase transition from the pyrochlore to the defect fluorite structure. These 

observations clearly indicate that radiation resistance increases with Zr-content in 

the Gd2(Ti1-xZrx)2O7 system.  
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Appendix B 
 

Stability field of the pyrochlore structure 
 

The stability field of pyrochlore oxides was also analyzed with the classical concept 

of the tolerance factor t. Goldschmidt was the first to introduce this concept in 1926 

to define the stability of perovskite-like materials242. Assuming a hard sphere model 

packing, the tolerance factor t was defined as follows: 

𝑡 =
1

√2

𝑟𝐴 + 𝑟𝑂

𝑟𝐵 + 𝑟𝑂
 

where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑂are the ionic radii of species A, B and O in a perovskite with 

general formula ABO3 and 
1

√2
 is a geometrical factor derived by the ratio between 

the B-O bond length (half of the lattice constant) and A-O bond length (half of the 

face diagonal). As t tends to unity, the perovskite structure generated by a specific 

combination of A and B-cations becomes stable. In 1958, Isupov243 proposed a 

similar tolerance factor also for pyrochlore oxides in the assumption of a regular BO6 

octahedral network. The tolerance factor has the form of 

𝑡 = 0.866
𝑟𝐴 + 𝑟𝑂

𝑟𝐵 + 𝑟𝑂
 

where 0.866 is the ratio between A-O1 and A-O2 bond lengths. However, as it was 

stated above in the definition of xO1, the coordination environment of B-cations is 

usually a trigonal antiprism rather than a perfect octahedron. Cai and coworkers 
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revisited the tolerance factor for pyrochlore oxides in 2011244. Starting from the 

coordination geometry of O1 and O2 ions in A2B2 and A4 tetrahedra, they derived 

two tolerance factors, t1 and t2, integrating the xO1 parameter and cell constant in 

their formulation. t1 and t2 are defined as follows: 

𝑡1 =

√(𝑋 −
1
4)

2

+
1

32

√(𝑋 −
1
2)

2

+
1

32

 
𝑟𝐴 + 𝑟𝑂

𝑟𝐵 + 𝑟𝑂
 

𝑡2 = 𝑎
3√3

8(𝑟𝐴 + 𝑟𝑂)
 

where X is xO1 and a is the cell constant. When investigating 315 pyrochlore 

compositions, Cai and colleagues found that t1 values lie between 0.83 and 1.07, with 

the majority being between 0.90 and 0.99. For t2, the values are in the range 0.89-

0.93. These tolerance factors rely on the determination or calculation of either the 

xO1 parameter or the cell constant. To overcome this limitation, Mouta et al. 

proposed a new tolerance factor based solely on the ionic radii of A, B and O ions245. 

They started from the definition of t2 by Cai and colleagues and substituted in its 

expression an empirical formula for predicting the cell constant of the pyrochlore 

structure from 𝑟𝐴, 𝑟𝐵 and 𝑟𝑂. In this way they obtained the following new tolerance 

factor: 

𝑡𝑛𝑒𝑤 = 1.43373 − 0.42931
𝑟𝐴 + 𝑟𝑂

𝑟𝐵 + 𝑟𝑂
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The distribution of pyrochlore compositions according to the analysis of Mouta and 

coworkers is centered at tnew = 0.913. More recently, an additional tolerance factor τ 

has been formulated by Song and colleagues246.  

𝜏 =
3(𝑟𝐴 + 𝑟𝑂)

√17(𝑟𝐵 + 𝑟𝑂)
 

Similar to Isupov, the derivation of τ was based on a description of the pyrochlore 

structure with regular BO6 octahedra. The investigated pyrochlore compositions fell 

into a range of τ-values of 0.826-0.943. 

In their review of tolerance factors for the definition of a pyrochlore stability field, 

Fuentes and co-workers stressed the necessity to use the actual metal distribution of 

cations at the A- and B-site of the pyrochlore structure when calculating the ratio 

rA/rB or other tolerance factors182. In fact, as cations become similar in size, A2B2O7 

pyrochlores are affected by cation antisite defects, which results in a certain degree 

of inversion of the occupancies of A- and B-sites and a change in the corresponding 

radii. Fuentes and colleagues studied the Gd2--xLnxZr2O7 series, in which a 

pyrochlore to defect fluorite phase transition occurs when introducing lanthanides 

smaller than Gd3+. Plotting the variation of the tolerance factors presented above in 

the Gd2--xLnxZr2O7 series, Fuentes and colleagues obtained a straight line when using 

the nominal occupancies of cation sites. If the actual occupancies derived by Rietveld 

refinements of diffraction patterns are used instead, a clear transition in tolerance 

factors is observed at the pyrochlore/defect fluorite border. Moreover, Fuentes and 
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co-workers clearly stated that none of the existing criteria provide a simple and 

efficient method for predicting whether a hypothetical A2B2O7 compound would 

crystallize in the pyrochlore or defect fluorite structure. In this regard, the radii ratio 

rA/rB remains the most simple and useful criterion, because it implicitly contains the 

information about the tendency of possible A- and B-cations to order. Fuentes 

concluded by saying that since pyrochlore oxides are prone to disorder, it is not 

possible to formulate a tolerance factor as meaningful as that introduced by 

Goldschmidt for perovskites182. 

It is worth mentioning that in 2021 O’Quinn and co-workers defined the stability 

field of fluorite and defect fluorite structures by introducing the parameters ρc and 

ρa
9. These parameters measure the relative size of a given cation to all other cations 

(ρc) and the relative size of the cations to the anions (ρa) in the structure. A phase 

space for fluorite-type structures is delimited by ρc and ρa, with ρc > 0.931 and ρa in 

the range 0.657-0.756. The rules introduced by O’Quinn and co-workers are 

regarded as the application of Pauling’s rules on coordination polyhedra247,248 and 

Goldschmidt’s rules on cation mixing242 in ionic solids. 
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