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In situ high-pressure X-ray diffraction and Raman spectroscopy were used to determine the influ-

ence of composition on the high-pressure behavior of A2B2O7 pyrochlore (A¼Eu, Dy; B¼Ti, Zr)

up to �50 GPa. Based on X-ray diffraction results, all compositions transformed to the high-

pressure cotunnite structure. The B-site cation species had a larger effect on the transition pressure

than the A-site cation species, with the onset of the phase transformation occurring at �41 GPa for

B¼Ti and �16 GPa B¼Zr. However, the A-site cation affected the kinetics of the phase transfor-

mation, with the transformation for compositions with the smaller ionic radii, i.e., A¼Dy, proceed-

ing faster than those with a larger ionic radii, i.e., A¼Eu. These results were consistent with

previous work in which the radius-ratio of the A- and B-site cations determined the energetics of

disordering, and compositions with more similarly sized A- and B-site cations had a lower defect

formation energy. Raman spectra revealed differences in the degree of short-range order of the dif-

ferent compositions. Due to the large phase fraction of cotunnite at high pressure for B¼Zr com-

positions, Raman modes for cotunnite could be observed, with more modes recorded for A¼Eu

than A¼Dy. These additional modes are attributed to increased short-to-medium range ordering in

the initially pyrochlore structured Eu2Zr2O7 as compared with the initially defect-fluorite structured

Dy2Zr2O7.

I. INTRODUCTION

The pyrochlore structure-type, A2B2O7, has a wide

range of synthetic compositions, over 500, and many impor-

tant technological applications, including as quantum spin

ices,1 solid oxide fuel cells,2,3 and nuclear waste forms.4 The

precise species of A- and B-site cations is crucial in all of

these applications because of dramatic changes in properties

that occur with changes in composition.5–8

Most pyrochlore oxide compositions crystallize in one

of two closely related structures. The ordered pyrochlore

structure (Fd-3m) is stable for compositions for which the

radius-ratio of the A-site to the B-site cations is greater than

1.46. The cation sub-lattice is face-centered cubic with A-

and B-site cations occupying distinct sites—16c and 16d,

respectively, as they alternate along the h110i direction. The

A-site is coordinated by eight oxygens, while the B-site is

coordinated by six oxygens. The anion sub-lattice is a dis-

torted simple cube with 1/8 of the sites vacant. The anion

vacancy is on the 8b site and is tetrahedrally coordinated by

four B-site cations. Oxygen occupies the 8a and 48f sites,

which are tetrahedrally coordinated by four A-site cations

and two A- and two B-site cations, respectively. These site

labels are based on the origin being at the A-site.9,10

When the radius-ratio of the A- and B-site cations is less

than 1.46, a disordered, defect fluorite structure (Fm-3m)

forms. In this structure, the cation species are evenly distrib-

uted over both the A- and B-sites, such that there is effec-

tively a single cation site. As such, pyrochlore is essentially

a 2� 2� 2 superstructure of defect-fluorite due to cation

ordering. The cations in defect-fluorite are, on average,

seven-coordinated by oxygen due to disordering of the anion

vacancies. The anion site is tetrahedrally coordinated by

cations.10

The behavior of A2B2O7 pyrochlore under high pressure

has been investigated for a wide variety of composi-

tions.11–15 However, previous studies have only focused on

the effect of changes in cation species on a single site—i.e.,

only changing the cation on the A-site12,15 or the B-site.14

For high pressure studies, this makes comparisons problem-

atic due to differences between experiments, such as the use

of different pressure-transmitting media or variations in the

maximum pressures attained.

Here, we systematically investigate the effects of changing

both the A- and B-site cations on the high-pressure response of

rare earth titanate and zirconate pyrochlore with compositions:

Eu2Ti2O7, Dy2Ti2O7, Eu2Zr2O7, and Dy2Zr2O7. These compo-

sitions are referred to as ET (Eu2Ti2O7), DT (Dy2Ti2O7), EZ

(Eu2Zr2O7), and DZ (Dy2Zr2O7), respectively. Results are con-

sistent with previous studies,12–21 although by exploring the

effects of changing both the A- and B-site cations, we are able

to more clearly illustrate the systematic trends in the behavior

of pyrochlore at high pressure, including the onset pressure of

the phase transformation, the transformation’s kinetics, and the

short-range coordination of the high-pressure phase.
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II. EXPERIMENTAL

A2B2O7 (A¼Eu, Dy; B¼Ti, Zr) samples were synthe-

sized using solid-state methods.22 Powders of A2O3 and BO2

were mixed in a 1:2 ratio and ball milled for 19 h at room tem-

perature. These powders were then annealed at high tempera-

ture for 12 h to eliminate cation anti-site defects and anion

Frenkel defects.22 Samples with B¼Ti and Zr were annealed

at 1200 �C and 1500 �C, respectively. Compositions with the

larger B¼Zr cation require higher temperatures to anneal out

defects.23 Instead of simply matching annealing temperatures,

we tried to match the effect of annealing across compositions.

That is, samples were annealed at a temperature that allowed

for the maximum number of cation anti-site defects to be

eliminated. It is important to recognize that the defect-fluorite

structure of DZ is inherently disordered; however, an anneal-

ing temperature of 1500 �C was selected to make a consistent

comparison to the ordered zirconate pyrochlore. In this case,

annealing of DZ caused a decrease in strain.

X-ray diffraction showed that ET (rA/rB¼ 1.76), DT

(rA/rB¼ 1.70), and EZ (rA/rB¼ 1.48) synthesized in the pyro-

chlore structure, while DZ (rA/rB¼ 1.43) synthesized in the

defect-fluorite structure. These structures are consistent with

predictions based on cationic radius-ratio considerations.4

Pressure was generated using symmetric diamond anvil

cells. Pressure was monitored using the ruby fluorescence

method.24 Uncertainties in pressure, caused by broadening of

the fluorescence signal at high pressure, are <1 GPa for pres-

sures below 40 GPa and �2 GPa for pressures above 40 GPa.

Silicone oil was used as the pressure-transmitting medium25

for all experiments except for Raman spectroscopy of EZ

due to the large fluorescence peaks it produced above the

sample signal. In this case, a 4:1 methanol:ethanol mixture

was used, which produces similar quasi-hydrostatic condi-

tions for the pressure range studied.26 Comparisons were

made to spectra obtained with a silicone oil pressure trans-

mitting medium in order to ensure that this change did not

affect the high-pressure behavior—the only differences

observed among the samples was the absence of the silicone

oil fluorescence peaks.

Non-hydrostatic conditions have been shown to decrease

the onset pressure of the phase transformation, though no

other significant changes in the character of the X-ray dif-

fraction data were observed.13 Thus, the choice of pressure

transmitting media in this study did not have an adverse

effect on our analysis, since it was held constant across

experiments.

Samples were studied in situ at high pressure using angular

dispersive X-ray diffraction and Raman spectroscopy. X-ray

diffraction data were collected at beamline 12.2.2 of the

Advanced Light Source (ALS), Lawrence Berkeley National

Laboratory (LBNL) and at beamline 16 BM-D of the Advanced

Photon Source (APS), Argonne National Laboratory (ANL).

X-ray energies used were 29.2 keV (k¼ 0.4246 Å) and 40 keV

(k¼ 0.3100 Å). Dioptas was used to integrate the two-

dimensional diffraction images into diffraction patterns.27 Maud

was used to perform the Rietveld refinement of the diffraction

data.28 Raman spectra were collected with a 514.5 nm laser

wavelength and a 10 mW laser power using a Renishaw

RM1000 Raman microscope.

III. RESULTS AND DISCUSSION

All samples underwent a pressure-induced phase trans-

formation. The onset of the high-pressure phase is defined as

an increase in scattering intensity between the (222) and

(004) peaks (Figs. 1 and 2). Computational studies indicate

that this is the orthorhombic cotunnite phase (Pnma), rather

than the compositionally equivalent amorphous or defect-

fluorite phase, for all of the titanate and zirconate pyrochlore

compounds investigated, and that the cotunnite structure has

no site preferences for the different species of cations.16–18,29

Furthermore, experiments have shown that other fluorite-

structured oxides typically transform to cotunnite at high

pressure.30,31 However, in pyrochlore, strain and disorder in

the high-pressure phase makes it difficult to conclusively

identify the high-pressure as cotunnite in experiments.14,32

High-pressure X-ray diffraction patterns of ET and DT

are shown in Figs. 1(a) and 1(b), respectively. The onset of

the high-pressure phase is approximately equivalent for the

FIG. 1. High pressure X-ray diffraction patterns for (a) ET and (b) DT. Pressures are listed to the right in GPa. (c) Pressure-volume relationships for ET and

DT with the phase transformation pressure indicated by a vertical gray dashed line.



two samples—42.0 GPa for ET and 40.0 GPa for DT.

However, the kinetics of the phase transformation are more

rapid for DT than ET. This is indicated by the significantly

larger fraction of the high-pressure phase at 50.0 GPa for DT

as compared with 49.2 GPa for ET. The pressure-volume

relationships for ET and DT, derived from Rietveld refine-

ment of high-pressure X-ray diffraction data, are shown in

Fig. 1(c). The rate of compression of both compositions is

consistent up to high pressures.

High-pressure X-ray diffraction patterns of EZ and DZ

are shown in Figs. 2(a) and 2(b), respectively. The onset of

the high-pressure phase is approximately equivalent for the

two samples—15.9 GPa for EZ and 16.5 GPa for DZ.

However, the kinetics of the phase transformation is faster

for DZ than EZ. The transformation is complete by 46.3 GPa

in EZ and by 38.5 GPa in DZ. This behavior is consistent

with the results for the comparison between ET and DT

(Fig. 1), where the transformation proceeds more quickly

for compositions with the smaller Dy A-site cation. The

pressure-volume relationships for EZ and DZ, derived from

Rietveld refinement of high-pressure X-ray diffraction data,

are shown in Fig. 2(c). A “kink” exists in the data for both

zirconate compositions in the region of �15–20 GPa, where

there is a marked decrease in the rate of compression. This

“kink” has been previously ascribed to structural relaxation

caused by the onset of the cotunnite phase,32 consistent with

the data shown here. Compositions with B¼Ti have a low

phase fraction of cotunnite at the highest pressure studied

(�50 GPa), and thus do not show this anomaly (Fig. 1(c)).

Diffraction data collected upon quenching to ambient

pressure is provided for DZ and EZ (Figs. 2(a) and 2(b)). DZ

transitions from cotunnite to a different phase upon decom-

pression, likely the X-phase that has been previously observed

in pyrochlore quenched from high pressure.33 The diffraction

of quenched EZ appears amorphous, though the positions of

the diffraction maxima are consistent with the X-phase. Thus,

it is also possible that Eu2Zr2O7 quenches to an X-phase

structure with large amounts of strain. The failure to recover

the cotunnite phase to ambient pressure is consistent with

previous experimental studies13,14 and computational work

regarding its dynamical stability.34

The cationic radius-ratio can be used to predict the high-

pressure behavior of pyrochlore and related structure types.

A larger radius-ratio leads to a higher defect formation

energy,19–21 which causes higher resistance to disordering

under pressure. The energy to form these anion Frenkel-pairs

in ET, DT, EZ, and DZ are approximately 2, 1, �0.4, and

�1 eV, respectively.19 Formation energies for cation anti-

site defects in ET, DT, EZ, and DZ are approximately 2, 2,

1.75, and 0.75 eV, respectively.19 The trend in these forma-

tion energies correlates well with the relative resistance of

the various compositions to structural transformation upon

compression, with higher defect formation energies requiring

a higher pressure to induce a phase transformation.

Changing the B-site cation (Ti vs. Zr) affects the cat-

ionic radius-ratio (and, thus, the defect formation energy)

more than changing the A-site cation (Eu vs. Dy).19–21 As

such, the titanate compositions behave more similarly than

the equivalent zirconate compositions. This is evidenced by

the large difference in the fraction of cotunnite phase

observed at the highest pressures reached for ET and DT

(Fig. 1) as compared with both EZ and DZ (Fig. 2), as well

as the different onset pressure of the transformation in tita-

nates vs. zirconates. The larger defect formation energy in

titanates as compared with zirconates means titanates require

a higher pressure to transform to the high-pressure phase.15

We note that this comparison of the effects of A-site vs.
B-site cations does not necessarily extend to other B-site

compositions since, for example, B¼Zr vs. B¼Hf would

have a very similar ionic radii and therefore have a very sim-

ilar behavior based on the cationic radius ratio principle.

Although the B-site cation has a larger effect on the

high-pressure behavior of pyrochlore, the A-site cation also

influences the phase transformation. Computational studies

indicate that the transition pressures of EZ and DZ should be

below 18 GPa, with the transition pressure of EZ being

�2 GPa higher than DZ due to the larger A-site cation in

EZ.17 In our experiments, we find that both the EZ and DZ

FIG. 2. High pressure X-ray diffraction patterns for (a) EZ and (b) DZ. Pressures are listed to the right in GPa. The top diffraction patterns at 0.0 GPa were

taken following decompression from high pressure. (c) Pressure-volume relationship for EZ and DZ with the phase transformation pressure indicated by a ver-

tical gray dashed line.



transition pressures were indeed below 18 GPa. However,

the transition pressure of EZ is slightly higher than that of

DZ (Fig. 2). The difference in transition pressure (0.6 GPa)

is not significant and may be explained by differences in

sample loading conditions in the diamond anvil cell35 and/

or by slightly overshooting the onset of the transition when

increasing pressure during the experiment. The effect of the

A-site cation can be more readily observed in the kinetics

of the phase transformation, where kinetics are more rapid

for A¼Dy than A¼Eu (Figs. 1 and 2). Since the transfor-

mation to cotunnite is kinetically inhibited by the disorder-

ing of cations,17 the lower cationic radius-ratio of Dy as

compared with Eu allows the transformation to proceed

more quickly because its cation anti-site defect energy is

lower.20

While X-ray diffraction provides information on the

onset and kinetics of the phase transformation, Raman spec-

troscopy provides additional detail on the short-range order of

both the low- and high-pressure phases. High-pressure Raman

spectra of ET and DT are shown in Figs. 3(a) and 3(b),

respectively. The behavior of ET and DT are very similar,

with a loss of all Raman modes from ordered pyrochlore at

slightly above �50 GPa, a pressure at which the X-ray dif-

fraction data still show a large fraction of the ordered pyro-

chlore (Fig. 1). Thus, the loss of fully-ordered pyrochlore

Raman modes is due to distortions of the coordination polyhe-

dral rather than rearrangement of cations. This is supported

by the growth of the broad mode at x¼ 800 cm�1 at high

pressure, which has been previously attributed to distortions

to the oxygen positions of the BO6 octahedra.12,36

High-pressure Raman spectra of EZ and DZ are shown

in Figs. 4(a) and 4(b), respectively. Spectra recorded at low

pressure show more ordering in EZ than in DZ, as evidenced

by its better defined peaks.37–39 This is due to the ordered

pyrochlore structure of EZ compared with the disordered

defect-fluorite structure of DZ. However, DZ still retains

some local ordering as evidenced by its broad peaks that are

consistent with the EZ spectra. This may be related to short-

to-medium range ordering that exists even in defect-fluorite

structured A2B2O7 compounds.40 Furthermore, the radius-

ratio of DZ puts it just below the threshold for cation

ordering into the pyrochlore phase,10 so it is possible that

some short-range order is retained.

The Raman modes from the ordered pyrochlore phase are

still observed at the highest pressure reached for EZ, 49.3 GPa,

while the modes in DZ are indistinguishable by 22.4 GPa, at

which point the spectra resemble a true defect-fluorite.38,41

Raman modes attributed to the high-pressure cotunnite phase

are marked by black circles in Fig. 4 at the pressure they first

appear—34.2 GPa for EZ and 25.1 GPa for DZ. These high-

pressure modes occur well above the onset of the formation of

the high-pressure phase, as evidenced by X-ray diffraction.

The high-pressure cotunnite Raman mode at �550 cm�1 has

been previously observed in compressed Gd2Zr2O7 and

Sm2Zr2O7.
13,32 Additional high-pressure Raman modes at

<350 cm�1 are observed to emerge in EZ along with the mode

at �550 cm�1. This suggests that these lower wavenumber

modes also originate from the cotunnite phase. These modes

have not been previously reported in two-cation pyrochlores.

However, similar modes have been observed in the high-

pressure cotunnite phase of the single-cation CeO2, which is

fluorite-structured at ambient conditions.42

The atomistic mechanism for high-pressure disordering

in pyrochlore differs slightly between zirconates and tita-

nates, though both have the formation of anion Frenkel pairs

precede cation disordering. For compositions with B¼Zr,

Rietveld refinement of high-pressure X-ray diffraction data

has shown that changes to the anion sub-lattice occur prior to

the generation of anti-site defects, and this has been further

substantiated by high-pressure Raman spectroscopy data.43

The generation of anion Frenkel-pairs makes the pyrochlore

cation sites, originally differentiated by coordination scheme

(6-fold vs. 8-fold), more similar by trending towards a uni-

form 7-fold coordination. This more uniform coordination

scheme across lattice sites lessens the energetic preference

for a specific cation to reside on a specific site, thus promot-

ing the generation of cation anti-site defects.

For compositions with B¼Ti, loss of all pyrochlore

ordered Raman modes occurs while the X-ray diffraction data

still show an ordered pyrochlore structure. This has been

observed in previous studies,12,44 and has also been observed

here (Figs. 1 and 3). Since X-ray diffraction is sensitive to

FIG. 3. High pressure Raman spectra

for (a) ET and (b) DT. Pressures are

listed to the right in GPa.



periodic cation positioning while Raman spectroscopy is sen-

sitive to local coordination between cations and anions, this

shows that anion disorder precedes cation disordering. While

Zr4þ has a similar ionic radius compared to the rare-earths

that occupy the A-site, Ti4þ has a much smaller radius. This

makes it more likely that the coordination of Ti stays at six

even after disordering.45 Thus, the disordering of the anion

sublattice is better described by a distortion of the TiO6

octahedra.12,44

IV. CONCLUSION

In summary, we have analyzed the effects of composition

on the high-pressure response of A2B2O7 pyrochlore by isolat-

ing changes in composition at the A- and B-sites. Overall, the

cationic radius-ratio can be used to predict the response to high

pressure, as it also determines the defect formation energy. For

the compositions studied here, changes in the B-site cation had

a greater effect on material behavior since it had a larger effect

on the radius-ratio. The pyrochlore-to-cotunnite transition pres-

sure is �41 GPa for B¼Ti and �16 GPa for B¼Zr. Changes

in the A-site cation affect the kinetics of the high-pressure

phase transformation, with the transformation proceeding more

quickly for compositions with a smaller cationic radius-ratio

(i.e., A¼Dy is faster than A¼Eu).

Raman spectra for B¼Ti showed a complete disorder-

ing of the anion sub-lattice while X-ray diffraction showed

that the sample was still mostly an ordered pyrochlore. The

lower transition pressure of B¼Zr samples allowed cotunn-

ite Raman modes to be identified. Raman modes of the

cotunnite phase not previously reported were observed in the

low wavenumber (<350 cm�1) regime for EZ, but not DZ.

These additional modes are attributed to increased short-to-

medium range ordering that may persist in the cotunnite

phase of the initially pyrochlore structured EZ, but not the

initially defect-fluorite structured DZ.
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