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ABSTRACT 

 Depending on intrinsic (e.g. radius ratio rule rLn/rZr) and extrinsic factors (e.g. processing 

conditions), pyrochlore-type Ln2Zr2O7 oxides achieve variable degrees of structural disorder. We 
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report on a systematic study of the structural and microstructural characteristics of the Gd2-

xLnxZr2O7 system, exploring the effect of replacing Gd with a wide range of homovalent 

lanthanide ions (Ln = Nd, Sm, Dy, Ho, Y, and Er; x = 0.20 and 0.80). All compositions were 

prepared via a mechano-chemical reaction between the corresponding oxides and characterized 

by X-ray diffraction (standard and synchrotron sources) using the Rietveld method, as well as by 

Raman spectroscopy. Irrespective of chemical composition, this study reveals that all 

compositions exhibit a fluorite-like structure. Furthermore, by firing each sample at 800 and 

1400°C, we are able to analyze the transition to pyrochlore-like structures, featuring different 

degrees of disorder, in all but Gd1.20Y0.80Zr2O7, which retains the fluorite structure even after 

heating. The structural data are used to assess the existing criteria for predicting the formation 

and stability of the pyrochlore structure; according to this analysis, the simple radius ratio rule 

(rLn/rZr), provides a useful and sufficiently robust criterion. Because the pyrochlore structure has 

a strong tendency to disorder, it is not possible to define an empirical index similar to the 

Goldschmidt tolerance factor for perovskite. 

 

KEYWORDS:  Pyrochlore, fluorite structure, structure prediction, mechanical milling, Raman 

spectroscopy  

 

 

INTRODUCTION 

Lanthanide zirconates Ln2Zr2O7 that adopt the pyrochlore structure exhibit a wide range of 

chemical and physical properties of interest for fundamental science and with important 
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technological applications.
1-5

 Some of these properties are significantly altered by structural 

defects and disorder, which can be easily induced by temperature, pressure or irradiation. 

Therefore, intense research efforts are still aimed towards identifying and understanding the 

prevailing ordering/disordering mechanisms in the pyrochlore structure, as well as to elucidate 

short- vs. long-range structural properties 
6-9

. In this context, there is a long-standing discussion in 

the literature as to whether the order-disorder processes are driven by anions, cations or by both 

simultaneously 
10-13

. Despite the substantial amount of experimental work completed by the 

scientific community, a complete understanding of the fundamental aspects controlling defect´s 

formation and annihilation remains elusive.
14-18

 The present contribution addresses this issue by 

analyzing the effect of doping and processing conditions on the structural and microstructural 

features of bulk gadolinium zirconate powders, Gd2Zr2O7 (GZO). These results are discussed in 

the context of the existing criteria for predicting the formation and stability of pyrochlore oxides 

of different compositions. 

Ideal (ordered) pyrochlore oxides are isometric [S.G. = Fd3̅m (227), Z = 8] and characterized by 

the A2B2O6O’ ideal stoichiometry, where A, and B are cations and O and O’ represent two 

nonequivalent oxygens
19

. Selecting the second choice of origin for the space group, O and O’ fully 

occupy the 48f (x, ⅛, ⅛), and 8b (⅜,⅜,⅜) Wyckoff sites, respectively. Although both are 

tetrahedrally coordinated, each O ion (O48f) has two A and two B nearest neighbors, and each O’ 

(O8b) is surrounded by four A metal atoms. The B cation (rB  ~ 0.6-0.7 Å) sits at the center of a 

trigonal antiprism, with six equidistant O48f ions (Wyckoff 16c site (0,0,0)). The A cation (rA ~0.9-

1.2 Å) sits at the 16d position (½,½,½), surrounded by eight anions forming an axially compressed 

scalenohedron: i.e., two metal-oxygen bonds <A-O8b> are significantly shorter than the remaining 

six, <A-O48f>. Noteworthy is the existence of an additional interstitial site in the unit cell, 



4 

 

Wyckoff site 8a (⅛,⅛,⅛), which is nominally vacant in the ideal pyrochlore structure, but easily 

accessible for anions in defect phases. As with the 48f, and 8b positions, the 8a-site is also 

tetrahedrally coordinated, though by four B cations. This vacant site provides the pyrochlore 

structure with the remarkable ability to tolerate structural distortions. Moreover, pyrochlore oxides 

can accommodate variable degrees of cation and/or anion disordering depending on intrinsic (e.g., 

chemical composition, bonding character and cations size mismatch, rA/rB) as well as extrinsic 

factors (e.g., thermal history and processing conditions). Thus, radius ratio constraints based on 

the cations for lanthanide zirconates, Ln2Zr2O6O’, result in pyrochlore formation only when rLn/rZr  

≥ 1.46
19

; whereas, the size mismatch favors a change to anion deficient fluorite structures below 

1.46 (Ln = Tb-Lu and Y). Figure 1 shows schematic representation of the structures of fluorite, 

ideal pyrochlore and disordered pyrochlore.  Gadolinium zirconate, Gd2Zr2O7 (GZO), is probably 

the most thoroughly studied member of the series; in addition to high thermal and chemical 

stability, GZO shows high oxygen ion mobility at elevated temperatures (σ > 10
-3

 S∙cm
-1

 at 800ºC 

20, 21
), and very low thermal conductivity (κ ~ 1.5-2 W∙m

-1
∙K

-1
 
22, 23

). Therefore, GZO is considered 

a promising electrolyte candidate material for solid oxide fuel cells, as well as a suitable ceramic 

coating to provide thermal insulation to the metal components of gas turbines and diesel engines. 

Furthermore, GZO shows great potential to incorporate actinides in solid solution and is highly 

tolerant to radiation damage 
24, 25

; hence, GZO is under consideration as a host phase for the 

chemical immobilization of plutonium from dismantled nuclear weapons.  
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Figure 1. Schematic representation of the structures of: (a) ideal stoichiometric fluorite with 

composition MO2 where only one site for metal ions and anions exist being both substructures 

fully occupied with random distribution of metal ion in mixed fluorite. (b) anion-deficient fluorite 

(or disordered defective pyrochlore) in which only one site for metal ions and oxygen exist, anion 

vacancies (denoted as ) are randomly distributed in the structure. (c) ideal pyrochlore structure 

A2B2O7 with two sites for metal ions (A and B) and two sites for oxide anions; A and B are 

ordered as well as oxygen vacancies which are located in the B-cation coordination sphere 

resulting in BO62 trigonal antiprisms in contrast to AO8 cubes or scalenohedra. 

 

This paper analyzes the effect of intrinsic (cation size mismatch), and extrinsic (processing) 

factors, in the degree of structural order/disorder of bulk GZO. GZO was selected for this study 

because it lies precisely, at the boundary between the pyrochlore and fluorite stability fields 

(rGd/rZr = 1.462). In fact, GZO presents a thermally-induced solid state phase transition to a 

disordered anion deficient fluorite-like structure, at ~1550ºC. Therefore, small changes in the 

cation size ratio alter the relative stability of both structures. Accordingly, six substituting cations 

were selected amongst lanthanide ions larger (Nd
3+

 and Sm
3+

) and smaller (Dy
3+

, Ho
3+

, Y
3+

, and 

Er
3+

) than Gd
3+

. Furthermore, two different levels of substitution were chosen for each cation to 
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cover a wide range of rA/rB values. All samples were prepared by mechanical milling; mechano-

chemical powder processing methods (dry or liquid-assisted) have become very popular in all 

areas of materials science 
26-29

 because they are cost-effective and rather simple to implement. As 

a far-from-equilibrium technique, mechano-chemical methods frequently lead to uncommon and 

highly defective phases, which are inaccessible for more conventional processing methods. More 

attractive even for the purposes of this study, is the possibility of unlocking multiple metastable 

intermediate states via additional processing (e.g., annealing), with controlled defect structures 

and functionalities. 

 

EXPERIMENTAL 

Samples with the general formulae Gd2-xLnxZr2O7 (Ln = Nd
3+

, Sm
3+

, Dy
3+

, Ho
3+

, Y
3+

, and Er
3+

;  x 

= 0.20 and 0.80) were prepared by milling stoichiometric mixtures of high-purity Ln2O3, and ZrO2 

oxides (≥ 99.9%, Sigma-Aldrich, Inc.), as described in previous works completed by some of the 

present authors 
21, 23

. Powders were weighed out according to the desired stoichiometry and placed 

in 125 ml YPSZ (yttria partially stabilized zirconia, 5wt% Y2O3) containers together with six 20 

mm diameter YPSZ balls as grinding media (mass ~25 g; balls-to-powder mass ratio equal to 

10:1). Most lanthanide sesquioxides are highly reactive towards atmospheric H2O, and CO2. 

Therefore, starting Ln2O3 chemicals were fired overnight at 900°C, to decompose existing 

hydroxides, carbonates, and/or oxycarbonates and to ensure retention of the designed 

stoichiometries. In a typical experiment, a 15 g batch of reactants were dry milled in a planetary 

ball mill using a rotating disc speed of 350 rpm, with a reversed rotation every 20 minutes, to 

favor reaction. The evolution of the starting mixtures with milling time, was followed by 
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characterization using X-ray powder diffraction (Philips X’Pert diffractometer, and Ni-filtered Cu-

Kα radiation, λ = 1.5418 Å). Milling time needed to achieve single phase products was determined 

by examination at different time intervals of the X-ray diffraction patterns of two samples selected 

as representatives of the series; these two samples were Gd1.2Nd0.8Zr2O7, and Gd1.2Er0.8Zr2O7 

which represent the highest substitution level attempted in this work (0.8), and the largest Ln
3+

 

size difference with the Gd
3+

 host. Moreover, mechanically-induced chemical reactions were 

considered completed after 30 hours, when no traces of the starting reagents were evident in the x-

ray diffraction patters. To minimize any possible processing effect on the final 

structural/microstructural characteristics of the as-prepared powders, the same milling parameters 

were used to prepare every sample analyzed in this work. To examine the annihilation of 

mechanically-induced defects as a function of temperature and chemical composition, as-obtained 

powder samples were fired 12 h at 800 ºC and 1400ºC  and characterized as explained below. 

The structural and microstructural features of every sample were obtained from precise diffraction 

data collected using conventional and synchrotron X-ray sources. Laboratory X-ray diffraction 

data were collected on a Bruker D8 high-resolution instrument equipped with a Ge primary 

monochromator (CuKα1 radiation, λ = 1.5406 Å), and a Position Sensitive Detector (PSD) 

MBraun PSD-50M. Data collection parameters (measured angular range, step size, and counting 

times) were selected to ensure enough resolution (the step size should be at least, 1/10 of the 

FWHMs) and good statistics for the diffraction analysis. The instrumental contribution to line 

broadening was evaluated using NIST LaB6 standard reference material (SRM 660a; μ = 1138 cm
-

1
, linear absorption coefficient for CuKα1 radiation). Synchrotron X-ray data (SXRD) were 

collected at room temperature at beamline 16-ID-B of HPCAT, Advanced Photon Source at 

Argonne National Laboratory, in transmission mode, using a monochromatic X-ray beam with a 
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wavelength of 0.4066 Å. The Debye rings were recorded with a CCD detector and integrated into 

two dimensional patterns using the FIT2D software 
30

. The instrumental contribution to the 

synchrotron XRD pattern was calibrated by using high purity CeO2 powder as standard. Structure 

refinements were completed by the Rietveld method using the FullProf software package 
31

, 

simultaneously taking into account the effect of each sample’s microstructure on the diffraction 

patterns, according to a phenomenological approach described in detail elsewhere 
32-35

. Samples 

were also characterized by Raman spectroscopy using a Bruker FT-Raman RFS 100/spectrometer. 

Excitation was achieved by using a YAG:Nd
3+

 laser (1064 nm) and the spectral resolution was 2 

cm
-1

. To avoid luminescence, different laser lines were used for Er, Nd (Horiba-Yvon, 488 nm), 

and Ho containing samples (Renishaw, 830 nm).   

 

RESULTS 

Defects and disorder in the pyrochlore structure 

The pyrochlore structure is commonly depicted as an ordered derivative of the anion-deficient 

fluorite structure (Figure 1); accordingly, the XRD pattern of an ideal pyrochlore oxide contains 

a set of strong diffraction maxima characteristic of the underlying fluorite-type subcell, plus an 

additional set of weak superstructure diffraction lines 
10

. The intensity of the superstructure peaks 

depends on factors such as the degree of atomic ordering, the chemical composition (differences 

in the average scattering factors), and the distribution of oxygen vacancies. As mentioned above, 

the extent of disorder in GZO is particularly sensitive to doping, and/or processing conditions. 

Therefore, replacing Gd
3+

 by different lanthanides, Ln
3+

, modifies the nominal rA/rZr ratio and the 

relative stability of the pyrochlore and fluorite structures (see Table 1). 
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Table 1. Effect of substituting Ln
3+

 ions in the cation size mismatch of Gd2-xLnxZr2O7 

 

Substituting 

ion 

Ionic 

radius 

Averaged rA 
rA/rZr                            

(Gd2-xLnxZr2O7) 

x = 0.20 x = 0.80 x = 0.20 x = 0.80 

Nd
3+

 1.109 1.059 1.075 1.490 1.493 

Sm
3+

 1.079 1.056 1.063 1.466 1.477 

Gd
3+

 1.053 1.053 1.053 1.462 1.462 

Dy
3+

 1.027 1.050 1.043 1.459 1.448 

Y
3+

 1.019 1.050 1.039 1.458 1.444 

Ho
3+

 1.015 1.049 1.038 1.458 1.441 

Er
3+

 1.004 1.048 1.033 1.456 1.439 

Averaged rA =
(2 − x) rGd + x rLn

2
; (rZr  =  0.72 Å) 

 Ionic radii values used to build Table 1, are those given in 
36

.   

 

Structural characterization 

Samples just-milled, and milled/fired at 800°C 

Irrespective of the substituting ion and according to XRD data obtained using a conventional X-

ray source, both series of samples (just-milled, and milled/fired at 800°C) form a fluorite-like 

structure. To illustrate this point, Figure 2 shows two representative XRD patterns belonging to 

the sample featuring the largest dopant-to-host size difference of the series, Gd1.20Nd0.80Zr2O7. 

Broad diffraction lines as those observed in Figures 2a and 2b, are usually characteristic of 

highly stressed mechano-chemically prepared powders, with a small crystalline domain size. The 

only apparent difference between both XRD patterns is the width of the diffraction peaks which, 

as expected, are narrower in the annealed samples.  
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Figure 2. Experimental (red circles) and calculated (black solid line) XRD patterns and their 

difference (bottom blue line) of the as-prepared Gd1.20Nd0.80Zr2O7 sample (a), and (b) after 

annealing at 800°C. 

 

Unit cell parameters of as-prepared and annealed at 800ºC series, given in Table SI 1, are plotted 

in Figure 3, as a function of the averaged A-site cation size. In general, the cell parameter, which 
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is the only free parameter in the fluorite structure, increases with the averaged A-site cation size, 

except for the Gd1.20Nd0.80Zr2O7 sample. As shown in Table 1, this composition features the 

largest dopant-to-host size mismatch (highest rA/rB ratio) of the whole series and in consequence, 

would have the strongest driving force for pyrochlore ordering. Although Figures 2a and 2b do 

not show any evidence of superstructure peaks, the anomalously short unit cell determined from 

the XRD data could be a signature of short range ordering: i.e., Gd
3+

/Nd
3+

 and Zr
4+

 may be 

ordered within a given unit cell but this order is lost in neighboring cells, limiting ordering in this 

sample to the very short-range.   

 

Figure 3. Evolution of the unit cell length with the averaged A-site cations size: just-milled 

powders (empty circles), and the same samples after annealing at 800ºC (empty triangles). 

 

As for the remaining samples, the unit cell expands in most cases on firing at 800ºC. Since the 

cell parameter in (A,B)O1.75 fluorite structures is related to the metal-metal distance <A-B>, such 
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increment might be correlated with the relaxation of internal stresses; i.e., this temperature is not 

sufficiently high to promote an extensive structural rearrangement to induce a phase transition to 

the pyrochlore structure (disorder-order transformation), but it is high enough to allow some 

microstructural relaxation. Moreover, the samples microstructural features (size and strain-

induced line-broadening) were obtained from the corresponding Langford plots
32, 33, 35

. As an 

example, Figures 4a and 4b present such plots for the Gd1.80Dy0.20Zr2O7 sample, just-milled, and 

fired at 800°C, respectively. On its hand, Figures 4c and 4d show the domain size and strain in 

both series of fluorite-like materials plotted as a function of an averaged A-site cation size, 

respectively.   

As shown in Figure 4c, the domain size does not change very much with the A-site cation size 

and remains similar within each series of samples; apparently, the only effect of annealing at 

800°C is a relatively modest crystallite growth from ca. 100 Å to ca. 120 Å diameters. By 

contrast, the strain seems to be slightly positively correlated with the A-site cation size (and 

consequently with the rA/rB ratio), which might be an indication of an increasing tendency to 

metal ordering as the A-to-B cation size mismatch increases. Although some relaxation seems to 

occur after a soft thermal treatment at 800°C, all samples fired at this temperature remain highly 

stressed. 
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Figure 4. Langford plots obtained for the as-prepared Gd1.80Dy0.20Zr2O7 powders (a) and the 

same sample after firing 12 h at 800°C (b); domain size (c), and strain (d) plotted as a function of 

the averaged A-site cation size for both series of samples, just-milled (solid squares) and milled 

and fired at 800°C (empty circles). 

 

Samples milled and fired at 1400°C  

For samples milled and treated at high temperature (1400°C for 12 hours), the result is more 

complex but far more interesting. Therefore, to get a better understanding of the 

structural/microstructural characteristics of these mechano-chemically obtained and high-
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temperature annealed oxides, conventional and synchrotron XRD data were combined as 

explained in the Experimental section. Figure 5a shows the graphic result of fitting XRD data 

obtained using a conventional X-ray source corresponding to the Gd1.20Nd0.80Zr2O7 sample; 

whereas Figure 5b displays a similar plot for Gd1.80Y0.20Zr2O7, but obtained using synchrotron 

data (SXRD). As shown for the example in Figure 5a, some annealed sample compositions 

display all of the pyrochlore superstructure peaks. However, the only superstructure diffraction 

maximum observed in some others, such as that shown in Figure 5b, is the very weak (111) peak 

with (½ ½ ½)F Miller indexes in the basic fluorite cell. The complete refined structural 

parameters for the entire series are given in Table SI 2.  
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Figure 5. Graphic result (experimental, calculated and their difference as labelled in Figure 2) of 

the fitting of (a) laboratory XRD data for the Gd1.20Nd0.80Zr2O7 sample and (b) synchrotron XRD 

data for Gd1.80Y0.20Zr2O7, both obtained by milling and fired 12 h at 1400°C. Insets in both 

figures enlarge some pyrochlore superstructure peaks.   

 

Two key points should be stressed: 

1) Very often, the distribution of metal ions in our samples is not that expected for an “ideal” 

ordered pyrochlore structure, i.e., even after firing at such a high temperature, varying degrees of 

disorder are observed in the series, with some Zr
4+

 ions occupying the 8-fold A-site and 

correspondingly, some Gd
3+

/Ln
3+

 ions sitting at the 6-fold B-site. 

2) The domain size of the ordered pyrochlore regions in some samples is very small. 
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These two features make it rather difficult to predict the structure of any specific sample based 

only on its chemical composition (this will be discussed in detail), as well as to refine the 

diffraction data. To overcome these drawbacks, the degree of inversion (i.e., the proportion of 

Gd
3+

 ions in the B-site) obtained from the Rietveld refinement, was confirmed by correlating this 

parameter (calculated), with the ratio between the experimental integrated intensities of the (111) 

and (222) superstructure Bragg maxima, the I(111)/I(222) intensity ratio. The first maximum 

depends on the distribution of cations between the A- and B-sites; whereas, I(222) depends only on 

the  total scattering power in A- plus B-sites. Since the number of superstructure peaks observed 

is limited in most cases, even high-intensity SXRD data did not allow us to use the Langford 

plots to determine the pyrochlore domain size, as previously done for the samples treated at 800 

C. In any case, domains seem to be fairly small because, as shown in Figure 6, the superstructure 

maxima are, in general, very broad. Furthermore, the (111)-peak is absent for some samples (i.e., 

substituting ions smaller than Gd
3+

 and largest substitutional level) (Fig. 6), with 

Gd1.80Y0.20Zr2O7 being the last sample in the series showing superstructure maxima due to 

pyrochlore-type ordering.  

Interestingly, in all the samples treated at high temperature the size of the fluorite sub-structure 

domains is pretty large regardless the composition and, consequently, the actual rA/rB ratio. The 

fluorite domain size can roughly be estimated to be greater than 2000Å, being this a widely 

accepted limit to applied those methods to estimate crystallite size from diffraction peaks 

broadening. 
34, 35

 As shown in Figure SI 1 for the two extreme values of rA/rB on Table 1, only 

subtle peak broadening is observed due to domain size effects when compared with NIST 

standard LaB6.  
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Figure 6. Enlargement of the SXRD patterns of the Gd2-xLnxZr2O7 series at the position of the 

(111) superstructure peak characteristic of pyrochlore ordering. In panel (a) are shown those 

materials with pyrochlore structure, in (b) those without long-range ordering. Gd2Zr2O7 is 

depicted in both panels for comparison. 

 

Raman spectroscopy 

As structural disorder within the pyrochlore structure loses its translational symmetry, Raman 

spectroscopy can be used to investigate the nearest-neighbor changes in the structure.  Note, 

disordering allows more phonons to contribute to the optical spectra, thus causing a general 

broadening of all Raman active modes. Furthermore, according to the selection rules, the 

(A0.5B0.5)O1.75 anion deficient fluorite structure should have only one Raman-active mode of F2g 

symmetry, with the form of oxygen anions vibrating against the symmetry-fixed cations  
37

. By 

contrast, A2B2O7 pyrochlore-type phases should have six Raman-active modes 
38

. Five of them 
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(i.e., A1g+Eg+3F2g), are commonly assigned to vibrations of O48f ions and the remaining one 

(F2g), to vibrations of the O8b ions. Specifically, only O48f ions vibrate in A1 and Eg modes 

(predominantly bending vibrations); furthermore, A1g is directly related to the only free 

positional parameter of the pyrochlore crystal structure, the x48f parameter. Moreover, an 

eventual pyrochlore-to-fluorite phase transition or even higher structural disorder without a 

phase transformation should lead to significant broadening and/or to a drastic reduction in the 

number of modes observed by Raman spectroscopy. However, short-range ordering of cations 

and oxygen vacancies is almost invariably present in any fluorite sample obtained by disordering 

the pyrochlore structure. In fact, recent work has shown that the local atomic arrangement of this 

disordered, defect-fluorite structure, is more ordered than previously thought and can be best 

modeled by the fluorite-derivative weberite-type (Ccmm) structure 
9
. The same type of short-

range order was even found in amorphous pyrochlore compositions and seems to be a universal 

phenomenon in non-ordered phases.
39, 40

 Accordingly, the Raman spectra of fully-disordered 

pyrochlore samples show, usually, more bands than expected for a truly ideal anion deficient 

fluorite structure 
37, 38, 41-43

. Figure 7 compares the Raman spectra of pristine GZO (just-milled 

(JM), fired at 800 and at 1400°C) and those obtained for the cation substituted samples, after 

firing them at 800 (Figure 7a) and 1400°C (Figure 7b). As shown in Figure 7a, structural 

disorder in the just-milled GZO (GZO JM), reduces its Raman spectrum to a broad, almost 

featureless density-of-states continuum, with no well-defined absorption bands. The Raman 

spectrum of GZO does not change much on firing at 800°C, although very broad Raman active 

bands start to appear at 331, 381, 560 and 625 cm
-1

. Both spectra are very similar to those 

obtained in this study for Gd2(Ti0.65Zr0.35)2O7 just-milled and annealed at 600ºC, which had 

fluorite-type structures 
37, 38, 41-43

. The only difference is the lack of a broad and relatively intense 
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band at 750 cm
-1

, which has been attributed in the literature to disorder-activated oxygen 

vibrations 
41

.  

 

 

 

Figure 7. Raman spectra for samples fired at 800 (a) and 1400°C (b). Each sample is identified 

by specifying the chemical symbol of the substituting lanthanide and the level of substitution in 

parenthesis. GZO stands for Gd2Zr2O7 and JM for “just-milled”. 
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Therefore, Raman spectroscopy confirms that just-milled GZO has a fluorite-type structure and 

that it is stable even after firing at 800°C. The intensity of the observed Raman bands increases, 

and at the same time, their width decreases as the annealing temperature increases to 1400 C 

(spectrum in red color in Figure 7b); the most intense band in this spectrum is observed at 314 

cm
-1

. Additional bands are observed at 405, 537 and 600 cm
-1

. A similar spectrum was 

obtained for a Gd2Zr2O7 ceramic prepared by solid-state reaction at 1430C 
44

. Furthermore, a 

very broad and weak band appears at 740 cm
-1

. All these features corroborate the formation of a 

pyrochlore-type structure on firing although the presence of the band at 740 cm
-1

 and the large 

bandwidth of all other peaks are indicative of residual oxygen disorder. As for the samples with 

substituted lanthanides, irrespective of the lanthanide ion involved and the level of substitution, 

the Raman spectra obtained after firing at 800C all are similar and suggest the formation of 

fluorite-type structures, in agreement with the XRD analysis. The Raman spectra obtained for the 

Gd1.20Nd0.80Zr2O7 sample, do not support the existence of short-range pyrochlore-like ordering, 

which might have explained the anomalous short unit cell parameter determined from the XRD 

data.  

Clear differences between substituting lanthanide ions arise when the samples are treated at 

1400°C. Therefore, the Raman spectra obtained for all cations smaller than Gd
3+

 suggest the 

formation of a pyrochlore-type structure when x = 0.20. Pyrochlore-like phases seem to be also 

formed for Ho
3+

, Dy
3+

 and Er
3+

, when the level of substitution increases to x = 0.80; however, 

broader bands as compared with the samples where x = 0.20, suggest a higher degree of 

structural disorder. Yttrium deserves special mention since even after firing at 1400°C, the 

Raman spectrum of the Gd1.20Y0.80Zr2O7 sample, lacks well-defined bands and looks more like 

that of a fluorite phase. Having almost the same ionic radii and electronegativity of Ho
3+

, yttrium 
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induces a higher degree of oxygen disorder in GZO. As for the lanthanide ions larger than Gd
3+

, 

both Sm
3+

 and Nd
3+

 produce Raman spectra characteristic of better ordered pyrochlore 

structures. However, increasing Sm
3+

 content does not seem to have much effect on ordering; 

whereas, increasing Nd
3+

 incorporation produces more order than Sm
3+

 as evidenced by the well-

developed band at 525 cm
-1

.  

In summary, according to XRD and Raman spectroscopy, all as-prepared samples seem to 

crystallize in fluorite-like structures, which are stable even after firing at 800ºC. Some 

discrepancies arise apparently between these two techniques, when analyzing the samples fired 

at 1400°C. Moreover, both techniques suggest pyrochlore-like ordering for pristine and 

lanthanide-substituted GZO, when the lanthanide ion is larger than Gd
3+

. However, when the 

lanthanide ion is smaller than Gd
3+

, according to Raman spectroscopy, only Gd1.20Y0.80Zr2O7 

maintains the fluorite structure after firing at 1400C. The remaining lanthanide-substituted 

materials are pyrochlore-like phases but featuring a different degree of structural disorder 

depending upon the lanthanide ion involved and the amount of lanthanide substitution. In 

contrast, XRD (conventional and synchrotron) suggest a fluorite-type structure when x = 0.80, 

for all lanthanide ions smaller than Gd
3+

, and for both Er-containing samples (x = 0.20 and 0.80). 

These discrepancies can be explained by recalling that spectroscopic techniques provide 

information on local order, i.e., they can reveal short-range features (such as the superstructure 

ordering resulting in the pyrochlore structure); whereas, diffraction techniques can only detect 

structural effects extending at least for some hundreds of angstroms. Therefore, in those cases 

where the superstructure maxima are not observed even by SXRD, it might be due to a very local 

ordering that can be detected by Raman but not by X-ray diffraction methods. In this context, 
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Figure 8 shows the evolution of the pyrochlore-domain size along the series as estimated by the 

Scherrer formula from the width of the (111)-peak.  

 

 

Figure 8. Pyrochlore-like domain size as estimated by Scherrer’s formula using the (111) 

diffraction peak for samples annealed at 1400ºC. The continuous line is a guide for the eye. 

 

Although the Scherrer approach underestimates the domain size 
45

, a clear trend is observed in 

Figure 8.  The size of the ordered pyrochlore domains decreases as the averaged A-ion radius 

decreases, suggesting a lower tendency to order; for ion size below 1.050 Å (corresponding to a 

rA/rB size ratio of 1.457), no ordering effects are detected by SXRD. As Raman spectra suggest, 

this is due to a reduction of the ordering distance below the coherence length of diffraction 
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techniques.  Finally, the compound Gd1.20Y0.80Zr2O7 seems to be somewhat special since neither 

diffraction nor spectroscopic measurements detected any degree of order.  

 

DISCUSSION 

The use of a simple parameter such as the Goldschmidt tolerance factor, t, is of great help in 

understanding, and even predicting, structural and physical properties of perovskite-like 

materials. Therefore, defining a similar tolerance factor for pyrochlore-like compounds would be 

of noticeable importance. Several approaches based on chemical composition, have been used in 

the literature to predict whether a hypothetical compound will crystallize in a pyrochlore-type 

structure when allowed to reach the thermodynamic equilibrium at sufficiently high temperature 

(1400º C in the present case). As mentioned before and it is illustrated in Figure 9, the simplest 

criterion would be the radius ratio rule, i.e., a pyrochlore structure will form when rA/rB ≥ 1.46; 

whereas, the fluorite structure would be more stable, when rA/rB < 1.46 (red and green shaded 

boxes respectively).
19

 Also depicted in Figure 9 is the evolution of the rA/rB ratio in the Gd2-

xLnxZr2O7 series as a function of the nominal (averaged) A-cation size (empty squares), i.e., that 

determined for each sample assuming cations distribution based on ionic size and 

crystallochemical criteria. Interestingly, when the rA/rB size ratio is calculated using the actual 

occupancies of both sites (i.e., that obtained from the XRD data using the Rietveld method), the 

pyrochlore stability field expands slightly towards lower rA/rB values (filled circles), with the 

boundary lying now at rA/rB ≈ 1.457. Also plotted in the same Figure is the degree of inversion 

(empty circles), given as the percentage of the A-site occupied by B-ions (or vice versa), as 

obtained from the Rietveld refinement (Table SI 2). Figure 9 suggests the existence of a 
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correlation between the pyrochlore-to-fluorite phase transition and the degree of inversion: as the 

latter tends to 50% (fully disordered fluorite), the nominal rA/rB ratio approaches the limiting 

value and, more interestingly (and more meaningful), the actual rA/rB ratio tends to unity (as 

corresponds to A- and B-sites equally populated by Ln
3+

, and Gd
3+

 ions). Even for the samples 

consisting of large ordered pyrochlore-domains such as Gd1.20Nd0.80Zr2O7, some degree of 

inversion exists, ca. 10%. This can be due to the mechano-chemical synthesis procedure used 

since it might be possible that a treatment at 1400ºC for 12 hours is not sufficient to reach the 

atomic configuration corresponding to the thermodynamic equilibrium; consequently, some 

mechanically-induced defects remain in our high-temperature annealed samples.  
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Figure 9. Size ratio (rA/rB) and degree of inversion (empty circles) in Gd2-xLnxZr2O7, plotted as a 

function of the averaged A-cation size. Empty squares represent the nominal rA/rB values 

obtained using the theoretical cations distribution of each composition; whereas, filled circles 

represent experimental rA/rB values, which were calculated using the cation distribution obtained 

by the Rietveld method. Lines are guides for the eye. 

   

The first attempt to propose a tolerance factor for pyrochlore oxides like that used for 

perovskites, was that of Isupov according to Eq. [1]: 

 

tI = 0.866 [(rA + rO) / (rB + rO)]   [1] 

 

where rA, rB and rO are the size of the A, B and oxygen ions, respectively 
46

. In this expression 

the value 0.866 is the distances ratio d(A-O48f)/d(A-O8a) when BO6 is a perfect octahedron. 

However, as pointed out by Subramanian, 
19

 this assumption is hardly achieved in pyrochlore 

oxides resulting to incoherent and meaningless tI values. As Figure 10 shows (empty squares), 

for our high-temperature annealed samples, a smooth variation of tI within a very narrow range 

(from 1.015 to 0.995), is observed along the Gd2-xLnxZr2O7 series when using the nominal 

composition, i.e., if all Zr
4+

 ions were located at the six-fold coordinated sites and all Ln
3+

 ions in 

the 8-fold A-sites. By contrast, the pyrochlore-to-fluorite transition is clearly associated with a tI 

value of 0.866 when using the experimental ion distribution obtained by the Rietveld method 

(full circles). In any case, this parameter seems to have little practical utility because the 
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structure of any particular compound should be known beforehand; therefore, it does not 

represent any advantage in comparison with the simpler rA/rB ratio previously discussed.  

 

 

Figure 10. Isupov’s 
46

 tolerance factor in the Gd2-xLnxZr2O7 series, plotted as a function of the 

nominal (empty squares) and experimental (full circles) averaged A-cation size. Lines are guides 

for the eye. 

 

To overcome the problem of Isupov’s tI, Cai et al. proposed two different tolerance factors to 

describe the pyrochlore crystal structure, t1 and t2, corresponding respectively to the A2B2, and 
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O8aA4 polyhedra 
47

. As shown in equations [2] and [3], t1 and t2 depend either on the cubic unit 

cell parameter (a) or on the unknown oxygen positional parameter (x48f) which in practice, 

hinders any predictive character of such factors. Furthermore, the variability and limited 

availability of structural information on pyrochlore compounds (in particular, the x48f positional 

parameter), make calculations rather difficult and limit their applicability. However, some 

relationships were successfully established between their values and pyrochlore oxides physical 

properties. 
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Trying to overcome these limitations, the authors proposed the use of a mathematical 

relationship developed by Nikiforov to estimate the unknown x48f positional parameter 
48

.  Worth 

to note, the alternative method proposed by Chakoumakos also provides suitable values of x48f 

and could be used instead
49

. 

Interestingly, t1 varies between 0.83 and 1.07 although most values are included within the 0.90 

and 0.99 interval. None the less, t2 values show a clearer trend with rA/rB when compared to t1; t2 

slightly decreases with increasing rA/rB, whereas, t1 is rather scattered. For a very wide range of 
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rA/rB values, both t2 and especially t1, are less than unity, this being a strong indication of 

pyrochlore structure stability.
47

       

Figures 11a and 11b depict the values of both t1 and t2 parameters for our high-temperature 

annealed samples, respectively.   

 

 

Figure 11. Cai’s et al. 
47

 t1 and t2 tolerance factors in the Gd2-xLnxZr2O7 series annealed at 

1400ºC, plotted as a function of the nominal (empty squares) and experimental (full circles) 

averaged A-cation size. Down open triangles represent data form ref 
50

. Lines are guides for the 

eye. 

 

Some important features concerning t1 and t2 parameters arise from Figure 11. First, t1 is 

extremely sensitive to the structural parameters used for the calculations. The values obtained for 

our samples series, either using the nominal populations of the A- and B-sites or using the 

experimental refined values, are far from the pyrochlore boundary value of t1 proposed to be 
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close to unity. Furthermore, in Figure 11a we have included the t1 values calculated for GZO 

using two different sets of structural parameters: i.e., that given by Cai et al. 
47

  and a second set 

reported by Moriga et al. and obtained from single crystal X-ray data
50

. The value of t1 we obtain 

for GZO from SXRD data is pretty close to that calculated for the latter; consequently  the t1 

value obtained from Moriga et al. model 
50

 is also far from what is predicted for a pyrochlore 

structure. On the contrary, t2 seems to be more robust, and the values obtained using different 

structural models are almost the same provided the unit cell is similar. This is because the only 

structural information used in Eq. [3], is the unit cell parameter. Paradoxically, the values of t2 

calculated for the Moriga et al.
50

 and our structural models are pretty different, on the contrary to 

what happens for t1. This is due to the different degree of inversion and cell parameters of both 

samples: being of 5% and 12.5227 Å,
50

 respectively, for the former whereas for our sample a 

degree of inversion of 14% and a cell dimension of 10.4917 Å are observed. Therefore, on the 

contrary to what stated in ref. 
47

 the actual values of tolerance factors are strongly dependent on 

the synthesis conditions. 

In any case, both tolerance factors have little, or even no, predictive capacity since their variation 

along the series (as a function of rA/rB) is smooth with no evidence near the transition from 

pyrochlore-to-fluorite structures, when nominal A- and B-sites occupancies, are used. On the 

contrary, when the experimental metal distribution is used, both t1 and t2 show clear evidence 

near the transition. Thus, t1 is almost constant in a wide rA/rB region but start decreasing rapidly 

when this ratio approaches a value of ca. 1.457. Even a stronger suggestion of the phase 

transition is given by t2; its value is close (lower) than unity for most samples but in the vicinity 

of the structural change, its value strongly rises above unity. In any case, these tolerance factors 
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seem to give some useful information only when real structural models are used; therefore, their 

predictive capacity is at least doubtful.   

More recently Mouta et al. defined an empirical tolerance factor for compounds with pyrochlore 

structure based only on the ionic radii of the constituent ions and proposed its correlation with 

structural and physical properties 
51

. The expression, given in Eq. [4] was derived by a statistical 

treatment of available structural data but no structural parameters are explicitly used;  

 

tnew = 1.43373 – 0.42931 [(rA + rO) / (rB + rO)]   [4] 

 

where rA, rB and rO are the size of the A, B and oxygen ions, respectively.  

These authors also proposed an empirical formula to calculate the unit cell parameter. 

Pyrochlore distribution according to the new tolerance factor behaves as a normally distributed 

population, whose center occurs at a value of tnew = 0.913. For pyrochlore oxides with values 

close to this one, the radii ratio rA/rB is ca. 1.6. No pyrochlore is reported with a value of tnew 

higher than unity, the highest value corresponding to Pr2Te2O7 (tnew = 0.97592) due to the lone 

pair of Te
4+

 ions.     
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Figure 12. Mouta’s et al. 
51

 tnew tolerance factor in the Gd2-xLnxZr2O7 series, plotted as a function 

of the nominal (empty squares) and experimental (full circles) averaged A-cation size. Lines are 

guides for the eye. 

 

By applying Eq. [4] to the rA and rB determined assuming nominal distributions at the A- and B-

sites, all the our oxides heated at 1400ºC should by pyrochlore-like. However, this is not what we 

observed since many of them do not present long-range pyrochlore ordering, though Raman 

spectroscopy suggests that most of them are short-range ordered.  

As for other tolerance factors discussed above, the use of the actual (experimentally determined 

metal distribution) gives more meaningful values. Thus, as observed in Figure 12, the values of 

tnew are close, but lower than unity, in a wide range of ionic radii ratio rA/rB; but clearly increases 

for compounds located near to the boundary between the pyrochlore and fluorite stability fields. 



32 

 

For a ratio rA/rB about 1.457, the tnew factor becomes slightly higher than unity and the compound 

adopts the fluorite structure. Thus, tnew ≥ 1 seems to be a clear criterion when predicting the 

relative stability of the fluorite and pyrochlore structures for a specific compound.   

It must be stressed that none of the discussed tolerance factors for pyrochlore oxides provides a 

simple, useful, convenient and sufficiently robust criterion to predict whether a given compound 

will present the pyrochlore or the fluorite structure. In many cases the limitation arises as a result 

of a more or less important degree of inversion in the occupancies of A- and B-sites of the 

pyrochlore structure. When a non-negligible amount of these anti-site defects are present, the 

experimental averaged rA and rB values can be significantly different from the nominal ones. 

Since all the tolerance factors use the nominal radii, the calculated values will have a limited 

predictive capability and provide poor descriptions of real materials. Probably the most robust 

and simplest criterion is the cation radii ratio rA/rB. As shown in Figure 9, the border between the 

pyrochlore and fluorite stability fields predicted by this radii ratio using nominal and 

experimental cation distributions differs only slightly being 1.460 and 1.457, respectively (less 

than 0.2%). The success of this very simple criterion seems to rest in the fact that it implicitly 

contains information about the tendency of a given pair of A and B ions to order (the higher rA/rB 

the stronger the driving force for ordering), providing a simple but powerful and robust criterion 

which takes into account a key feature of the pyrochlore structure such as the existence of anti-

site defects. Finally, it is worth commenting that probably because of this tendency to disorder of 

the pyrochlore structure, it is not possible to define for pyrochlore oxides a tolerance factor as 

robust, meaningful and useful as the Goldschmidt factor of perovskites.  
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CONCLUSIONS 

This paper contributes towards a better understanding of the fundamental aspects controlling the 

formation and annihilation of defects in the A2B2O7 pyrochlore structure. For that purpose, we 

synthesized by a mechanically-induced chemical reaction various Gd2Zr2O7-based materials for 

which Gd is replaced by different lanthanides. By combining XRD and Raman spectroscopy, we 

obtained the structural and microstructural features of the as-prepared samples and showed that 

they are all fluorite-like materials, even after firing at 800°C; upon firing at higher temperatures 

(1400°C), all but Gd1.20Y0.80Zr2O7 undergo a phase transition to pyrochlore-like structures 

showing different degrees of disorder as a function of the type and amount of the substituted 

lanthanide. Using the structural data, we have also tested various metrics or criteria proposed in 

the literature for predicting the formation and stability of the pyrochlore structure. We conclude 

that none of the criteria, except the simple radius ratio rule (rA/rB), are predictive. Any attempt to 

propose an empirical index for pyrochlore oxides, similar to the Goldschmidt tolerance factor, is 

hampered by the intrinsic tendency of this structure-type to accept cation anti-site defects. 

Moreover, nominal and experimental averaged rA and rB values in any specific material can be 

significantly different when a non-negligible amount of these defects are present. The success of 

the radius ratio rule is probably due to the fact that it implicitly contains information about the 

tendency of a given pair of A- and B-site cations to order or disorder; the boundary between the 

pyrochlore and fluorite stability fields predicted by this rule using nominal and experimental 

cation distributions, differs only slightly, 1.460 vs. 1.457, respectively (less than 0.2%). 
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Supporting Information. 

Tables SI 1 and SI 2: final structural and microstructural parameters of Gd2-xLnxZr2O7 samples 

prepared by mechanical milling and post-milling thermal treatment at 800ºC and 1400ºC. Figure 

SI 1: enlargement of the XRD patterns of the end members of the Gd2-xLnxZr2O7 series at the 

position of the (111) fluorite sub-structure peak showing slight broadening. 
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Synopsis: Various indices proposed for predicting the formation of the pyrochlore structure are 

tested. None of them, except the simple radius ratio rule (rA/rB), is predictive. Its success is 

probably due to the fact that it implicitly contains information about the tendency of a given pair 

of A- and B-site cations to order or disorder; which is of paramount importance in pyrochlore 

oxides since this structure-type is prone to accommodate large degrees of cation anti-site defects.  

 


