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The structural and electronic properties of Gd2共Ti1−yZry兲2O7 共y = 0 – 1兲 pyrochlores following a
2.0-MeV Au2+ ion-beam irradiation 共⬃5.0⫻ 1014 Au2+ / cm2兲 have been investigated by Ti 2p and
O 1s near-edge x-ray absorption fine structure 共NEXAFS兲. The irradiation of Gd2共Ti1−yZry兲2O7
leads to the phase transformation from the ordered pyrochlore structure 共Fd3m兲 to the defect fluorite
structure 共Fm3m兲 regardless of Zr concentration. Irradiated Gd2共Ti1−yZry兲2O7 with y 艋 0.5 are
amorphous, although significant short-range order is present. Contrasting to this behavior,
compositions with y 艌 0.75 retain crystallinity in the defect fluorite structure following irradiation.
The local structures of Zr4+ in the irradiated Gd2共Ti1−yZry兲2O7 with y 艌 0.75 determined by
NEXAFS are the same as in the cubic fluorite-structured yttria-stabilized zirconia 共Y – ZrO2兲,
thereby providing conclusive evidence for the phase transformation. The TiO6 octahedra present in
Gd2共Ti1−yZry兲2O7 are completely modified by ion-beam irradiation to TiOx polyhedra, and the Ti
coordination is increased to eight with longer Ti– O bond distances. The similarity between cation
sites and the degree of disorder in Gd2Zr2O7 facilitate the rearrangement and relaxation of Gd, Zr,
and O ions/defects. This inhibits amorphization during the ion-beam-induced phase transition to the
radiation-resistant defect fluorite structure, which is in contrast to the ordered Gd2Ti2O7. © 2005
American Institute of Physics. 关DOI: 10.1063/1.1840097兴
I. INTRODUCTION

Pyrochlore materials are potentially useful for a range of
technological applications that include use as catalysts, fluorescence centers, both cathode and electrolyte materials in
solid oxide fuel cells, oxygen-gas sensors for high-radiation
environments, and host matrices for the immobilization of
actinide wastes.1–4 Of these, their use in solid oxide fuel cells
and as host matrices for actinide wastes are receiving increasing attention because of the recent discoveries showing
that the isovalent substitution of Zr for Ti in Gd2Ti2O7 results in a four to five orders-of-magnitude increase in the
oxygen-ion conductivity at 875 K and in resistance to energetic particle irradiation.1–4 The mechanisms responsible for
the large increase in these properties have been investigated
using neutron diffraction, Raman and infrared spectroscopies, extended x-ray absorption fine structure, molecua兲
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lar dynamics, and atomistic simulations.3–16 These studies
show that the increase in the ionic conductivity in pyrochlore
is most likely due to the increased oxygen vacancies at the
48f site as a result of cation and anion disordering, which are
responsible for the increased ionic conductivity.1–10 The increased radiation tolerance is attributed to the ease of rearrangement and relaxation of Gd, Zr, and O ions/defects
within the crystal structure, which inhibits amorphization by
causing the irradiation-induced defects to relax and form cation antisite defects and anion Frenkel defects.2
Pyrochlores, in general, exhibit A2B2O6O⬘ 共Fd3m兲 stoichiometry and are derivatives of the fluorite structure, but
with two cations and one-eighth fewer anions. The unit cell
contains eight formula units and four nonequivalent sites.
Fixing the origin at the B cation, the atoms A, B, O, and O⬘
occupy the 16d, 16c, 48f, and 8b sites, respectively. In
Gd2Ti2O7 and Gd2Zr2O7, Gd3+ occupies the eight-coordinate
A共16d兲 sites with six 48f and two 8b oxygen anions forming
a distorted cube, whereas Ti4+共Zr4+兲 occupies the six-
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coordinate B共16c兲 sites, which lie adjacent to the vacant 8a
anion sites, forming distorted octahedra with oxygen anions
from the 48f sites. Each oxygen anion in the 48f and 8b sites
is tetrahedrally coordinated to two of each Gd3+ and Ti4+,
and four of Gd3+ cations, respectively. The remaining unoccupied 8a oxygen site is surrounded by four Ti4+共Zr4+兲 cations. The 48f anions are shifted toward the smaller Ti4+ cations by the x positional parameter.16–18 Ion-beam irradiation
of Gd2共Ti1−yZry兲2O7 by 2.0-MeV Au2+ ions 共⬃5.0
⫻ 1014 Au2+ / cm2兲 results in the transformation of the ordered pyrochlore structure 共Fd3m兲 into the defect fluorite
structure 共Fm3m兲 regardless of Zr substitution. Compositions with y 艋 0.5 become amorphous whereas compositions
with y 艌 0.75 retain their crystalline structure in the defect
fluorite structure under identical irradiation conditions
共⬃5.0⫻ 1014 Au2+ / cm2兲.12,13 This structural phase transition
from the Fd3m pyrochlore structure to the Fm3m defect
fluorite structure involves the randomization of the oxygen
ions among the 48f, 8b, and 8a sites, and the cations between the 16c and 16d sites.11–13
Recently, Chen et al.7,8 reported on the disorder and ionbeam-induced amorphization in Gd2共Ti1−yZry兲2O7 pyrochlores measured by x-ray photoelectron spectroscopy
共XPS兲. In the O 1s XPS spectra for Gd2Ti2O7, a broad feature with two components at binding energies 共BEs兲 of ⬃526
and 531 eV was observed, and these two distinct peaks
merged into a single broad peak when 25% Ti was replaced
by Zr, suggesting that the environments of oxygen ions have
become similar. Recent work on a Gd2Ti2O7 single crystal
using site-selective near-edge x-ray absorption fine structure
共NEXAFS兲 and XPS showed no anisotropic distribution of
Ti and O sites, and additional collaborative studies19 resolved that the discrepancies in the previous reports7,8 result
from charging effects during XPS and surface contamination.
A similar approach to that described above is used to understand disorder and ion-beam-induced phase transformation in
the Gd2共Ti1−yZry兲2O7 pyrochlores and their role in radiation
tolerance.
The availability of synchrotron radiation for x-ray absorption spectroscopic measurements has made NEXAFS a
powerful tool for developing a detailed understanding of the
electronic and structural properties of materials.19,20 X-ray
absorption originates because of the excitation of core electrons from a particular atomic core level to the unoccupied
electronic states, which can make this technique atom specific. Therefore, the structural and electronic properties of
Gd2共Ti1−yZry兲2O7 共y = 0 – 1兲 pyrochlores following a 2.0MeV Au2+ ion-beam irradiation 共⬃5.0⫻ 1014 Au2+ / cm2兲
have been investigated by Ti 2p and O 1s NEXAFS.
II. EXPERIMENT

Gd2共Ti1−yZry兲2O7 共y = 0 – 1兲 pyrochlores were prepared
by a sol-gel route using Ti isopropoxide, tetrabutyl zirconate,
and Gd nitrate. The solutions were stir dried and calcined at
975 K for 1 h in air. The calcined material was wet ball
milled, dried, pressed into pellets, and sintered in air at
1475 K for 12 h. The pellets were powdered and underwent
the same processing steps before sintering in air at 1775 K

J. Appl. Phys. 97, 033518 共2005兲

FIG. 1. Titanium 2p NEXAFS spectra recorded prior to and following Au2+
ion-beam irradiation for Gd2共Ti1−yZry兲2O7 共y = 0.0, 0.25, 0.5, and 0.75兲.

for 30 h. The pellets were coated with BN, encapsulated in
glass, and hot isostatically pressed under Ar at 1775 K for
2 h at 200 MPa to produce fully dense materials. The materials were annealed in air at 1625 K for 48 h to recover oxygen stoichiometry. Glancing-incidence x-ray diffraction revealed single-phase polycrystalline materials with the
ordered pyrochlore structure.11–13 The ion-beam irradiations
of Gd2共Ti1−yZry兲2O7 共y = 0 – 1兲 were performed using the accelerator facilities within the Environmental Molecular Sciences Laboratory at Pacific Northwest National Laboratory
共PNNL兲. The irradiations were carried out at room temperature with a 2.0-MeV Au2+ ion beam at normal incidence, and
the fluence was approximately 5.0⫻ 1014 Au2+ / cm2. This
fluence is an order of magnitude larger than the threshold
required for amorphization of the titanates and produces an
amorphous state to a depth of 380 nm in Gd2Ti2O7.12
The Ti 2p and O 1s NEXAFS spectra of
Gd2共Ti1−yZry兲2O7 共y = 0 – 1兲 prior to and following the 2.0MeV Au2+ ion-beam irradiation 共5.0⫻ 1014 Au2+ / cm2兲 and
yttria-stabilized zirconia 共Y – ZrO2兲 were recorded at beamline 6.3.2 of the Advanced Light Source 共ALS兲 at Lawrence
Berkeley National Laboratory 共LBNL兲.21 The total fluorescence yield 共TFY兲 NEXAFS spectra were collected at normal incidence with a photodiode. At these photon energies
with TFY detection, the NEXAFS signal originates solely
from within the amorphous layer and there is no particular
surface sensitivity. Spectra were corrected for the photon flux
and normalized to the edge jumps. The photon energy was
calibrated to the Ti 2p3/2共t2g兲 peak at 457.9 eV and the O K
pre-edge transition from SrTiO3共100兲 at 530.8 eV. The energy resolution was 125 meV at 530 eV.
III. RESULTS AND DISCUSSION

Figures 1 and 2 show the Ti 2p and O 1s NEXAFS of
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FIG. 2. Oxygen 1s NEXAFS spectra recorded prior to and following Au2+
ion-beam irradiation for Gd2共Ti1−yZry兲2O7 共y = 0.0, 0.25, 0.5, 75, and 1.0兲.

Gd2共Ti1−yZry兲2O7 共y = 0 – 1兲 prior to and following the 2.0MeV Au2+ ion-beam irradiation 共5.0⫻ 1014 Au2+ / cm2兲. The
assignments of Ti 2p and O 1s NEXAFS features are made
based on a symmetry-determined molecular-orbital model
obtained using the linear combination of atomic-orbital
method for the octahedral 共TiO6兲8−-ion cluster in
TiO2.19,20,22,23 The Ti 2p and O 1s NEXAFS, in general,
probe the unoccupied 2t2g 共Ti 3d + O 2p兲, 3eg 共Ti 3d
+ O 2p兲, 3a1g 共Ti 4s + O 2p兲, and 4t1u 共Ti 4p + O 2p兲
states. The ground state of Gd2共Ti1−yZry兲2O7 consists mainly
of Ti4+ : 共2p3/2,1/2兲3d0 − O2− : 2p6. Spin-orbit interaction splits
the Ti 2p into 2p3/2共L3兲 and 2p1/2共L2兲 states separated by
⬃5.4 eV. The features labeled as L3 and L2 for
Gd2共Ti1−yZry兲2O7 predominantly result from transitions to
the final states, Ti4+ : 共2p3/2,1/2兲−13d1 − O2− : 2p6, where
共2p3/2,1/2兲−1 denotes a hole in the 2p3/2 or 2p1/2 state. The t2g
and eg transitions result from transitions to the final states,
Ti4+ : 共2p3/2兲−13d共2t2g兲1 − O2− : 2p6
and
Ti4+ : 共2p3/2兲−1
1
2−
6
− 3d共3eg兲 − O : 2p , respectively. The energy separation between t2g and eg states is related to the crystal-field strength.
The eg states, which consist of dz2 and dx2−y2 orbitals, are
directed towards ligand anions and are more sensitive to deviations from the octahedral symmetry of Ti. Consequently,
the splitting of eg states into dz2 and dx2−y2 provides a measure of the degree of distortion from the octahedral site symmetry. The features labeled as t2g and eg in O 1s NEXAFS
for Gd2共Ti1−yZry兲2O7 result from transitions to the final
states, Ti4+ : 3d共2t2g兲1 − O2− : 共1s兲−1 − 2p6 and Ti4+ : 3d共3eg兲1
− O2− : 共1s兲−12p6, respectively, where 共1s兲−1 denotes a hole in
the O 1s shell 共Fig. 2兲.19,20,22,23 The separation between t2g
and eg states is 2.7 eV for Gd2Ti2O7, which is a direct measure of the crystal-field strength of the TiO6 octahedra.
Ion-beam irradiation of Gd2共Ti1−yZry兲2O7 共y = 0 – 1兲 by
2.0-MeV Au2+ results in a significant modification of Ti 2p

J. Appl. Phys. 97, 033518 共2005兲

NEXAFS features compared to the spectra obtained prior to
irradiation 共Fig. 1兲. The energy separation between t2g and eg
states, which is related to the crystal-field strength, is ⬃2.3
and ⬃1.8 eV for Gd2共Ti1−yZry兲2O7 prior to and following
irradiation, respectively. An energy shift of ⬃0.1 eV towards
lower energy for the transitions to the t2g states and line
broadening of all the NEXAFS features for irradiated
Gd2共Ti1−yZry兲2O7 are observed. These changes in the features of the NEXAFS spectra occur for all Zr concentrations.
The splitting of eg states into dz2 and dx2−y2 indicative of the
distortion from perfect octahedral site symmetry is less
prominent for irradiated Gd2共Ti1−yZry兲2O7 as Zr substitution
increases. This is also manifested in the intensities of the
transitions to the eg states relative to the t2g states, which are
progressively enhanced by the increasing overlap of the transitions to dz2 and dx2−y2 states for the irradiated
Gd2共Ti1−yZry兲2O7 with increasing Zr substitution. These results indicate that the TiO6 octahedra present in
Gd2共Ti1−yZry兲2O7 are completely modified by ion-beam irradiation to TiOx polyhedra, and the Ti coordination is increased to eight with longer Ti– O bond distances.
The O 1s NEXAFS features for Gd2共Ti1−yZry兲2O7 共y
= 0 – 1兲 are also significantly modified following the 2.0MeV Au2+ ion-beam irradiation 共5.0⫻ 1014 Au2+ / cm2兲 共Fig.
2兲. The spectra for compositions with y 艋 0.5 are completely
broadened and have no fine features compared to the spectra
prior to irradiation. This contrasts with the spectra with y
艌 0.75, in which all the spectral features are clearly present
following the ion-beam irradiation, although the relative intensities of the features are different. This suggests that compositions with y 艋 0.5 are no longer crystalline following irradiation but retain some short-range order, as shown in the
Ti 2p NEXAFS spectra. However, the compositions with y
艌 0.75 retain their crystallinity, although the changes in spectral intensities in the O 1s NEXAFS indicate a phase transformation from the ordered pyrochlore structure 共Fd3m兲 to
the defect fluorite structure 共Fm3m兲 following irradiation.
These results are in agreement with previous studies by
glancing-incidence x-ray diffraction suggesting that the pyrochlores with y 艌 0.75 were transformed into a radiationresistant defect fluorite structure 共Fm3m兲 following the 2.0MeV Au2+ ion-beam irradiation 共5.0⫻ 1014 Au2+ / cm2兲 at
room temperature.11–13
To understand the phase transformation of
Gd2共Ti1−yZry兲2O7 from the ordered pyrochlore structure
共Fd3m兲 to the defect fluorite structure 共Fm3m兲 induced by
the Au2+ ion-beam irradiation, the O 1s NEXAFS for
Y – ZrO2 in Fig. 3 is compared to the spectra from Gd2Ti2O7
and Gd2Zr2O7, both prior to and following ion-beam irradiation. The structure of Y – ZrO2 is cubic fluorite with each
Zr4+ ion in regular eightfold-coordinated sites with Zr– O
distances of equal length.24,25 Gd2Ti2O7 becomes amorphous
following ion-beam irradiation, and the subsequent O 1s
NEXAFS spectrum is completely broadened, thus it is difficult to obtain meaningful specific information from the spectral features. Contrasting with Gd2Ti2O7, irradiated
Gd2Zr2O7 shows a first narrow feature at 532.3 eV, which is
close to 532.2 eV observed for Y – ZrO2. This same feature is
also observed at 532.5 eV for Gd2Zr2O7 prior to irradiation.
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and relatively less ordered pyrochlore-structured oxides, respectively. Furthermore, Ti4+ ions occupy octahedral sites
contrasting with both Gd3+ and Zr4+, which occupy eightfold
and/or nearly eightfold sites. The similarity between cation
sites and the degree of disorder in the pyrochlore-structured
Gd2Zr2O7 facilitate the rearrangement and relaxation of Gd,
Zr, and O ions/defects within the crystal structure. This inhibits amorphization during the ion-beam-induced phase
transition to the radiation-resistant defect fluorite structure.
This contrasts with the ordered pyrochlore-structured
Gd2Ti2O7, where there is a significant energy barrier between cation sites. This is apparent as a function of Zr substitution for Ti in Gd2共Ti1−yZry兲2O7 following ion-beam irradiation, in which compositions with y 艋 0.5 are no longer
crystalline; whereas those with y 艌 0.75 retain their crystallinity. These results and observations are in excellent agreement with recent conclusions suggesting that the susceptibility to ion-beam-induced amorphization and structural
disordering of zirconate A2Zr2O7 pyrochlores 共A = La, Nd,
Sm, and Gd兲 are related to the structural deviation from the
ideal fluorite structure as reflected by the positional parameter, x, of the oxygen ions from the 48f sites.5
FIG. 3. Comparison of the O 1s NEXAFS spectra recorded prior to and
following Au2+ ion-beam irradiation for Gd2Ti2O7 and Gd2Zr2O7. The spectrum of yttria-stabilized zirconia 共Y – ZrO2兲 is shown for comparison.

The ion-beam irradiation results in an energy shift of
⬃0.2 eV towards lower energy. A similar shift is also found
for the y = 0.75 composition. The O 1s spectral profiles for
the irradiated compositions with y 艌 0.75 are similar to the
spectrum of Y – ZrO2. This confirms that the coordination
environment of Zr4+ in the irradiated Gd2共Ti1−yZry兲2O7 with
y 艌 0.75 is the same as in Y – ZrO2 and provides strong evidence for a phase transformation from the ordered pyrochlore structure 共Fd3m兲 to the defect fluorite structure
共Fm3m兲 following ion-beam irradiation.
The structural phase transition from the Fd3m pyrochlore structure to the Fm3m defect fluorite structure induced by ion-beam irradiation involves the randomization of
oxygen ions among the 48f, 8b, and 8a sites, and the cations
between the 16c and 16d sites.11 Our previous
investigations19,26 of single-crystal Gd2Ti2O7 and polycrystalline Gd2共Ti1−yZry兲2O7共y = 0 – 1兲 pyrochlores by Ti 2p and
O 1s NEXAFS and XPS show that Ti4+ ions in Gd2Ti2O7
occupy octahedral sites with a tetragonal distortion, which is
induced by the vacant 8a oxygen sites located in the ab plane
adjacent to the TiO6 octahedra. With increasing substitution
of Zr for Ti in Gd2共Ti1−yZry兲2O7, the tetragonal distortion in
the TiO6 octahedra decreases and coordination of Zr increases from six to nearly eight. Migration of oxygen ions
either from 48f or 8b sites to vacant 8a oxygen sites to
compensate for increased coordination of Zr reduces the
number of vacant 8a oxygen sites, which decreases tetragonal distortion in the TiO6 octahedra with increasing substitution of Zr for Ti in Gd2共Ti1−yZry兲2O7. A decrease of tetragonal distortion by the rearrangement of oxygen ions in the
TiO6 octahedra gradually introduces more disorder around Ti
with increasing substitution of Zr in Gd2共Ti1−yZry兲2O7. This
in turn suggests that Gd2Ti2O7 and Gd2Zr2O7 are ordered

IV. CONCLUSIONS

Ti 2p and O 1s NEXAFS spectra show that phase transformations occur from the ordered pyrochlore structure
共Fd3m兲 to the defect fluorite structure 共Fm3m兲 following a
2.0-MeV Au2+ ion-beam irradiation 共5.0⫻ 1014 Au2+ / cm2兲
of Gd2共Ti1−yZry兲2O7 regardless of the Zr concentration. The
irradiated Gd2共Ti1−yZry兲2O7 with y 艋 0.5 are amorphous although significant short-range order is retained. Contrasting
with this behavior, compositions with y 艌 0.75 retain crystallinity following ion-beam irradiation. The structures of Zr4+
in the irradiated Gd2共Ti1−yZry兲2O7 with y 艌 0.75 are nearly
the same as in cubic fluorite-structured yttria-stabilized zirconia 共Y – ZrO2兲 providing clear evidence for the phase
transformation. The TiO6 octahedra present in
Gd2共Ti1−yZry兲2O7 is completely modified by the ion-beam
irradiation to TiOx polyhedra, and the Ti coordination is increased to eight with longer Ti– O bond distances. The similarity between cation sites and the degree of disorder in
Gd2Zr2O7 facilitate the rearrangement and relaxation of Gd,
Zr, and O ions/defects. This inhibits amorphization during
the ion-beam-induced phase transition to the radiationresistant defect fluorite structure contrasting with the ordered
Gd2Ti2O7.
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