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ABSTRACT: The zirconates Ln,Zr,0, (Ln = lanthanoid) have been studied using a % [n7r,0, — Crystal Field Spiiing 3
combination of Zr L-edge X-ray absorption near edge structure (XANES) and & 1,/(1,*,,) = l30
synchrotron X-ray and neutron powder diffraction methods. These studies o] Nd ® o \g'
demonstrate that as the size of the lanthanoid cation decreases, the local structure § laredp
evolves smoothly from the ideal pyrochlore toward the defect fluorite rather than - 3 28 §
undergoing an abrupt transformation. The Zr L-edge spectrum is found to be *; 04 oy ¥ 8
extremely sensitive to changes in the local coordination environment and = /5\ / "Eu '273
demonstrates an increase in local disorder across the pyrochlore oxides. The ey \ 265
sensitivity of the XANES measurements enables us to identify the progressive nature **es/ oo T S
of the transition that could not be detected using bulk diffraction techniques. : Fluorite Pyrochlore 28
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B INTRODUCTION

Many metallic elements can be incorporated into the A,B,0,
pyrochlore structure with a number of different oxidation state
combinations observed, including A*/B%, A**/B**, and A%/
B*." A number of the chemically distinct materials that adopt
the pyrochlore structure display technologically important
properties including catalytic activity, piezoelectricity, ferro-
and ferrimagnetism, luminescence, and giant magnetoresist-
ance."” The pyrochlore materials are also of interest for the
immobilization of radioactive waste.>* Lanthanoid zirconates,
Ln,Zr,0,, are being actively developed for use in thermal
barrier coatings due to their low thermal conductivity, relatively
high thermal expansion coeflicient, and potentially high
operating temperature. Their ionic conductivity is comparable
to the industry standard yttria-stabilized zirconia (YSZ)
electrolytes.”™” Consequently, substantial efforts are currently
underway to develop these materials as thin films."*™*3

The pyrochlore formula is best written as A;B,XcY, where A,
B are cations and X, Y are anions. Most pyrochlore oxides (X =
Y = oxygen) crystallize in the cubic space group Fd3m (No.
227). There are four possible choices of origin in this space
group; the most commonly used places the smaller B-type
cation at the 16¢ (0, 0, 0) site and the larger A-type cation at
16d (1/2, 1/2, 1/2). There are two occupied anion sites, with
O (or X) at 48f (x, 1/8,1/8), and O’ (or Y) at 8b (3/8,3/8, 3/
8). In this structure the cubic lattice parameter, a, and the
positional parameter, x, for the O atom in 48f are the only

-4 ACS Publications  © 2012 American Chemical Society

structural variables. The pyrochlore structure is a 2 X 2 X 2
superstructure of fluorite (M,X;) in which the 8a (1/8, 1/8, 1/
8) sites are vacant and there is an ordering of the two cations,
Figure 1. The vacancy at the 8a site allows the surrounding
anions to relax from the ideal position in fluorite, giving rise to
an observable superstructure in the anionic array. The fluorite
structure is in space group Fm3m where both the cations and

Figure 1. Representation of the pyrochlore structure showing the
relationship to the fluorite structure. In the fluorite the 8a sites are
fully occupied.

Received: July 31, 2012
Published: October 11, 2012

dx.doi.org/10.1021/ic301677b | Inorg. Chem. 2012, 51, 13237—-13244


pubs.acs.org/IC

Inorganic Chemistry

Table 1. Atomic Positions and Atomic Displacement Parameters (10~ A?) for La,Zr,0, Refined against Neutron Diffraction

Data”
atom position x/a y/b z/c
La 16d 1/2 1/2 1/2
Zr 16¢ 0 0 0
o 48f 0.3313(1) 1/8 1/8
o’ 8b 3/8 3/8 3/8

“a = 10.78864(10) A. R, = 6.20%, R, = 8.00%, * = 1.85.

Ull U22 — U33 UIZ — U13 U23
59(2) 5.9(2) —-0.8(3) —-0.8(3)
4.0(2) 40(2) 1.3(3) 1.3(3)
8.5(4) 5.4(3) 0 32(3)
5.7(4) 5.7(4) 0 0

anions occupy special positions and the only variable structural
parameter is the unit cell length. The lattice parameter of
pyrochlores is 2a with respect to fluorite a; (a ~S A).

The precise shapes of the cation polyhedra in the pyrochlore
structure are dependent on value of the O 48f positional
parameter, x.'* The smaller B-type cation is coordinated to the
six O-type anions in a distorted octahedron, and the larger A-
type cation is in a distorted cube that is commonly described as
a puckered six membered ring of O atoms with two O atoms
forming linear O'—A—O’ chains, that are normal to the average
plane of the six-membered ring.'! The A—O and A—O’ bond
distances are very different. The A—O’ bonds are among the
shortest known for lanthanoid oxides (~2.2 A) whereas the A—
O distances are closer to the sum of the ionic radii of the two
ions (~2.4—2.5 A)."! The interactions between the B,O4 and
A, O’ sublattices in pyrochlore are relatively weak which allows
the structure to tolerate a large degree of substitutional > as well
as displacive disorder on the A-cation site.'®'” Vacancies in the
A,O’" sublattice are reasonably widespread, and even when
there are no A-site vacancies the O’ anion site (86) may not be
fully occupied.'

The ordering of the two cations in the pyrochlore is driven,
in part, by differences in their sizes and charges. In the
lanthanoid zirconates, where the cation charges are fixed, the
ratio of the Ln and Zr cation radii is the most accurate indicator
of structure.' It is generally accepted that the ordered
pyrochlore structure is favored when the lanthanoid radius is
larger than Gd, and the smaller lanthanoids form defect
fluorites.! Under some conditions, including high temperature,
the Ln and Zr cations in a pyrochlore can become disordered
over the A and B sites, and the anions are distributed over the
48f, 8b and the normally unoccupied 8a anion sites, each of
these being partially occupied.' The order—disorder transition
from the pyrochlore to the defect-fluorite structure is a very
rare example of simultaneous disordering of both anions and
cations.'® Previous studies show that heating Ln,Zr,0, with Ln
= Nd—Gd induces a pyrochlore—defect fluorite transition with
the transition temperature rapidly decreasing as the ionic radii
of the lanthanoid cation decreases: from 2300 °C in Nd,Zr,0,
to 1530 °C in Gd,Zr,0,."" Complex transformations can also
occur upon the application of pressure.*’

The phase transformation at high temperature may hinder
the efficiency of these materials for use as electrolytes or thin
films.*"">* Chemical substitution can also induce a pyrochlore-
defect fluorite phase transformation.>™> Glerup et al*
recently revisited the series Y,Ti,  Zr,O, first studied by
Heremans et al.,”® and described the presence of an
intermediate disordered phase. Mandal et al.*’ on
Nd,_,Y,Zr,0, and Whittle et al”® on La,, Y,Zr,0, have
provided evidence for disorder near the transition point. This
was also clearly evident in neutron diffraction studies of the
series Nd, ;Ho,Zr,0,.>° In this series the defect fluorite and
pyrochlore phases are observed to coexist. The coexistence of

these phases is not surprising given the need for simultaneous
disordering of both anions and cations at the transition.
However, traditional diffraction methods are not optimal for
the study of such disorder. In the present work the feasibility of
using X-ray absorption near edge structure (XANES) to probe
the local structure in oxides of the type Ln,Zr,0O; is examined.
While XANES has been previously used to study disorder in
gadolinium-based pyrochlores (Gd,Zr,0,, Gd,Ti, ,Zr,O,) near
the pyrochlore-defect fluorite phase boundary,*>' a compre-
hensive study of the rare-earth zirconates Ln,Zr,O, has not
been completed. The aim is to first establish whether or not
disorder is evident in XANES measurements, particularly in Zr
L;-edge XANES measurements, and second to determine the
extent of this disorder. Surprisingly, the spectral changes
indicate that disorder is endemic in the entire Zr pyrochlore
series.

B EXPERIMENTAL SECTION

Synthesis. Oxides of the type Ln,Zr,0, (Ln = lanthanoid La—Tm
except Pm) were prepared using conventional solid-state methods.
Stoichiometric quantities of the appropriate lanthanoid oxide and
ZrO, (calcined at 1000 °C overnight before use), sufficient to prepare
~20 g of material, were finely mixed before being fired at 1200 °C for
24 h. The resulting powders were then reground, under acetone, for 10
min before being heated at 1450 °C for 85 h. This process was
repeated as necessary to yield single-phase samples as established using
a Panalytical X’Pert Pro X-ray diffractometer.

Diffraction Measurements. Synchrotron X-ray powder diffrac-
tion (S-XRD) data were collected at ambient temperature in the
angular range S° < 26 < 85°, using X-rays of wavelength 0.825 18 A on
the powder diffractometer at BL-10 of the Australian Synchrotron.*>
The sample was placed in a 0.3 mm diameter capillary that was rotated
during the measurements. Neutron powder diffraction (NPD) data
were obtained over the angular range 10° < 26 < 160° using the high-
resolution powder diffractometer Echidna at ANSTO’s OPAL facility
at Lucas Heights, Australia.*® The wavelength of the incident neutrons
was either 1.492 A (La sample, Ge(335) reflection, takeoff angle 120°)
or 1.300 A (all the other samples, Ge(337) reflection, takeoff angle
140°). For these measurements the samples were contained in 12 mm
diameter vanadium cans.

Structures were refined using the Rietveld method implemented in
the program Rietica.** The neutron peak shape was modeled using a
pseudo-Voigt function convoluted from asymmetry resulting from
axial divergence, and the background was estimated using a fourth-
order polynomial in 20, which was refined simultaneously with the
other profile and structural parameters. Anisotropic atomic displace-
ment parameters (ADPs) were refined as allowed by symmetry. These
refinement results are summarized in Table 1. The peak shape in the
synchrotron data was modeled using a pseudo-Voigt function, and the
background was estimated using a linear interpolation between a set of
40 background points.

Zr and Ce Ls;-edge XANES. The Zr and Ce Lj-edge XANES
spectra were collected on beamline 16A1 at the National Synchrotron
Radiation Research Center (NSRRC) in Hsinchu, Taiwan.>* Finely
ground samples were dispersed onto Kapton tape and placed in front
of the X-ray beam at a 45° angle. Spectra were collected in
fluorescence yield mode using a Lytle detector. An energy step-size
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Figure 2. Synchrotron X-ray 4 = 0.825 18 A (upper) and neutron A = 1.492 A (lower) powder diffraction profiles for La,Zr,0O,. The solid lines are
the result of the Rietveld analysis. The insets illustrate the presence of the low-angle superlattice reflections indicative of the pyrochlore lattice that
are marked with *. Only those reflections marked # would be observed for a defect fluorite structure.
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Figure 3. Synchrotron X-ray (4 = 0.825 18 A) diffraction profiles for Gd,Zr,O,. The solid lines are the result of the Rietveld analysis. The diffraction
data showed the presence of some poorly crystalline defect fluorite material, as indicated by the lower set of Bragg reflections. The inset
demonstrates the presence of superlattice reflections indicative of the pyrochlore lattice and the broadening of the reflections.

of 0.2 eV was used near the absorption edge. The Zr L;-edge spectra
were calibrated against elemental Zr with the maximum in the first
derivative of the L;-edge set to 2222.3 eV. The Ce L;-edge spectra
were calibrated against elemental Cr with the maximum in the first
derivative of the K-edge set to 5989.2 eV. All XANES spectra were
analyzed using the Athena software program.*®

B RESULTS AND DISCUSSION

1. Diffraction. The X-ray diffraction profile for La,Zr,0,
illustrated in Figure 2 contains a number of weak reflections
indicative of cation and/or anion-vacancy ordering demonstrat-
ing that a pyrochlore type structure in space group Fd3m is
formed. The strongest of these have hkl = (111), (311), and
(331). That these peaks are weak can be explained by
considering that the X-ray contrast between La’* (Z = §7)
and Zr** (Z = 40) is modest and that the anion-vacancy
ordering only involves the O’ anion on the 8b sites and not the
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six O anions on the 48f sites. Stronger superlattice reflections
are evident in the neutron pattern (Figure 2), reflecting the
greater relative sensitivity of neutron diffraction to light
elements in the presence of heavy atoms such as La or Zr.
The X-ray and neutron profiles for Nd,Zr,0, (not shown) are
similar to those displayed in Figure 2, and there is no doubt
that the average structure for this material is that of a
pyrochlore. Unfortunately it is not practical to measure neutron
diffraction patterns for the oxides with Ln = Sm, Eu, or Gd due
to their high neutron absorption cross sections. A recent
neutron diffraction study of Gd,Zr,0, that employed Gd-160
demonstrated this compound to be a pyrochlore.>” The
synchrotron diffraction patterns for the three oxides
Ln,Zr,0, (Ln = Sm, Eu, and Gd) all contained superlattice
reflections indicative of the pyrochlore structure. In the present
work the synchrotron X-ray diffraction peaks of the pyrochlore

dx.doi.org/10.1021/ic301677b | Inorg. Chem. 2012, 51, 13237—-13244
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Figure 4. Synchrotron X-ray A = 0.825 18 A (upper) and neutron 4 = 1.300 A (lower) powder diffraction profiles for Tb,Zr,0,. The solid lines are
the result of the Rietveld analysis. The insets demonstrate the absence of any superlattice reflections indicative of the pyrochlore lattice

demonstrating the structure to be defect fluorite.
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Figure $. Synchrotron X-ray (4 = 0.825 18 A) diffraction profiles for Ce,sZrsO,. The solid lines are the result of the Rietveld analysis. The inset
demonstrates the effect of the tetragonal distortion with the (220); peak appearing as a (211)/(200) doublet, and the (311); peak as a (310)/(121)

doublet.

phase in Gd,Zr,0O, are somewhat broader than those for either
La,Zr,0, or Nd,Zr,0,; for example, the strongest reflection
(222) (near 20 = 15.5°) had a full width at half-maximum of
0.097° in Gd,Zr,0; compared to 0.016° for Ln = La or 0.022°
for Ln = Nd. The half-width of the corresponding (111)
reflection in the defect fluorite Tb,Zr,0, (TbysZrysO;s) is
0.038°. In addition the asymmetry of the fundamental
reflections in the synchrotron pattern provides evidence for
the presence of some defect fluorite-type material in Gd,Zr,0,
(see Figure 3). There was no evidence for superlattice
reflections indicative of the pyrochlore structure in the
synchrotron diffraction pattern of Tb,Zr,0,.

Rietveld refinements of the structures of La,Zr,O, and
Nd,Zr,0; against the neutron diffraction data confirmed that
the space group Fd3m is appropriate. Anisotropic ADPs were
employed in these refinements, and selected values are listed in
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Table 1. The refined structure shows large anisotropic
displacements of the A-site cations and 48f O anions that are
consistent with their local symmetry. Tabira et al.>® have found
structured features in the selected area electron diffraction
patterns for La,Zr,0, showing that such displacements are
correlated on a small scale. The presence (or absence) of such
displacive disorder in no way invalidates the description of
La,Zr,0, and Nd,Zr,0, as an ordered pyrochlore.

In comparison, the X-ray profile of Tb,Zr,0, (Figure 4)
shows no evidence for any superlattice reflections characteristic
of the pyrochlore structure type, nor were such reflections
observed in the neutron profile. The structure is, therefore, best
described as a defect fluorite with formula TbyZrysO,-5. A
strong modulation of the background is apparent in the
neutron profile indicating short-range correlations arising from
the presence of local oxygen vacancy and/or cation ordering.

dx.doi.org/10.1021/ic301677b | Inorg. Chem. 2012, 51, 13237—-13244



Inorganic Chemistry

Similar modulation was evident in the neutron profile of the
related oxide La,Ce,O, that also has a defect fluorite
structure.>

In summary, the diffraction data reinforce the widespread
view that a cubic pyrochlore structure forms for Ln with ionic
radii larger than that of Gd, while the defect fluorite structure
forms for smaller lanthanoids. It is important for the reader to
note that the samples are highly crystalline and that, with the
exception of Gd,Zr,0,, there is no justification from either the
X-ray or (when available) neutron diffraction profiles to argue
that long-range disorder is present in those oxides adopting
pyrochlore structures.

As part of this work we attempted to prepare the
corresponding Ce-containing zirconate “Ce,Zr,O,”. The X-
ray diffraction pattern of this sample (Figure 5) demonstrates
that we in fact obtained the tetragonal fluorite Ce(sZr, O, and
the synchrotron profile for this material was well fitted in the
P4, /nmc space group (Table 2). In this structure, Ce and Zr are

Table 2. Atomic Positions and ADPs (1073 A2) for
Ce(5Zr; O, Refined against Synchrotron Diffraction Data in
Space Group P42/nmc”

atom position x/a y/b z/c Useo
Ce/Zr 8e 3/4 1/4 3/4 7.5(1)
0 16h 1/4 1/4 0.4608(8) 13.9(8)

“a = 3.68080(5), ¢ = 5.27380(7) A. R, = 7.62%, R,;, = 12.56%.

disordered on the 8¢ sites, and each is coordinated to eight
oxygen anions, with four nearest neighbors at 2.148(2) A and
four more distant at 2.393(3) A. The local coordination
environment of the Zr in CeysZrysO, is therefore different
from that in either the pyrochlore or defect fluorite structure.

2. Zr L;-Edge X-ray Absorption Spectra. The Zr L;-edge
XANES spectra of several Ln,Zr,O, zirconates are shown in
Figure 6a. The L;-edge corresponds to the dipole-allowed

AB v azro, = SrZr0,
i, m GdZO, FaY &0,
» TmZro, . A Zisio,
":'}. A CeZr0,
LA
— 4 —_
u % w
= %"2 =
i semarmenetls. g -
) Zr L -edge i Zr L -edge|

2220 2225 2230 2235 2240
Absorption Energy (eV)

2220 2225 2230 2235 2240
Absorption Energy (eV)

Figure 6. (a) Zr L;-edge XANES spectra of La,Zr,0,, “Ce,Zr,0,”,
Gd,Zr,0;, and Tm,Zr,0,. (b) Zr Ly-edge XANES spectra of 6-
coordinate (SrZrQ;), 7-coordinate (ZrO,), and 8-coordinate (ZrSiO,)
Zr standards. All spectra were collected in fluorescence mode.

transition of 2p;, electrons into unoccupied 4d states. As these
are the states that are directly involved in bonding, information
on the coordination environment of the Zr cations can be
obtained from the line shape. In general, two features (labeled
A and B) are observed in all Zr Ly-edge XANES spectra: see
Figure 6 for examples. In 6-coordinate systems, features A and
B corresponds to the f,, and ¢, states, respectively.*” The energy
levels of t,, and e, states are reversed in 8-coordinate cubic
systems. Surprisingly, when compared to standards of known
coordination environments (Figure 6b), the zirconates have a
different line shape from the 6-coordinate (SrZrO;) or 8-
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coordinate (ZrSiO,) standards. For the pyrochlore phases,
feature B is broader than that of SrZrO; with a shoulder toward
higher absorption energy, similar to that observed in the Ti L-
edge of 6-coordinated Ti systems, including Gd,Ti,0,. > **
In 6-coordinate systems, the e, states are more sensitive to
distortions of the local structure due to the overlap of d? and
d, states with ligand states, and such distortions result in
broadening of the corresponding XANES spectral features.*'
Peak-broadening caused by local distortion has been previously
observed in Pb(Zr,,Ti,)O3.* The lineshapes of the defect
fluorite phases are more similar to those of ZrO, (7-coordinate)
than to those of ZrSiO,. The defect fluorites here are actually
anion-deficient with 7/8th of the O sites occupied. Therefore,
the Zr coordination number (CN) is closer to 7 than 8, and in
this case, none of the metal d-orbitals point directly toward the
ligand orbitals. The crystal symmetry may also influence the
line shape of the Zr Ls-edge* although this influence is
expected to be minimal compared to the effect of changes in
the local environment.

Further information on the coordination environment of Zr
was obtained by fitting the experimental Zr L;-edge XANES
spectra to component peaks. There are several different
methods for fitting XANES spectra.*>**~*” As shown in Figure
7, spectra were fitted to Gaussian peaks with the edge-jump
fitted to a single arc-tan function.** Feature A was fitted to a
single peak (labeled A). There is very little change in the width
of this peak across the lanthanoid series, likely due to a similar
degree of hybridization of the O 2p states with t,, states in
pyrochlores and ¢, states in defect fluorites. Feature B was fitted
to two peaks (labeled Bl and B2) to account for peak
broadening across the series. In general, B2 becomes less
intense relative to B1 progressing from the pyrochlore to the
fluorite. A similar trend was also observed in the Ti L;-edge of
Gd,Ti,,Zr,O; pyrochlores where the e, peak became more
symmetrical with Zr substitution.®’ Such disorder would
decrease the tetragonal distortion in the TiO4 octahedrons.
This would effectively introduce more disorder around the Ti
atoms.’' The change in the shape of feature B of the Zr L;-edge
across the rare-earth series can be also attributed to a similar
increase in disorder around the Zr atoms in the pyrochlore
oxides.

Across the series, with the exception of “Ce,Zr,O,” which
will be discussed further below, several trends are evident from
the fitted spectra. Figure 8 shows a plot of the crystal field
splitting (AE) as a function of the radius ratio (r,/rz). The
crystal field splitting, taken as the energy difference between
peaks A and B1, can be used to qualitatively determine changes
in the Zr coordination number (CN).*"**** Surprisingly, a
general decrease in AE is observed across the pyrochlore phases
approaching the pyrochlore-defect fluorite phase boundary,
indicating an increase in the CN of Zr atoms. In contrast, AE
across the defect fluorite phases does not change much,
indicating that the CN remains the same. The value for the Tb
compound appears anomalous, and this may reflect partial
oxidation to Tb*". A similar trend is observed in the intensity
ratio of feature A to feature B (I,/(I; + I,)), where a decrease
in I,/(Is; + I,) as a function of Ln size is more noticeable in
the pyrochlores than the defect fluorites (Figure 8). Such trends
were not observed in the Ti-L studies of Gd,Ti, Zr,0.,*
suggesting that disorder alone cannot explain the changes in the
Zr Ls-edge line shape across the rare-earth series. Both trends
support the conclusion that, within the pyrochlore phases the
average Zr CN increases as the size of the lanthanoid cation

dx.doi.org/10.1021/ic301677b | Inorg. Chem. 2012, 51, 13237—-13244
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Figure 7. Fitted XANES spectra of (a) La,Zr,0,, (b) Tm,Zr,0,, and
(c) “Ce,Zr,0;”.

decreases. However, once the defect fluorite phase is formed,
the changes are much smaller, suggesting minimal change in the
CN of Zr.

The above observation raises questions about the nature of
order and disorder in the pyrochlore and fluorite zirconates. An
increase in the CN of Zr suggests an increase in disorder
throughout the pyrochlore zirconates, either by the migration
of oxygen from 48f and 8b sites to the unoccupied 8a site or by
the creation of cation antisites, where the Zr*" cations partially
occupy the A-site, displacing Ln** cations to the octahedral
sites. As described above, the current neutron and synchrotron
diffraction measurements are consistent with published work
and show no evidence for long-range disorder in the
pyrochlores.>**” This is not entirely surprising given that
traditional neutron and synchrotron diffraction techniques that
only consider the Bragg reflections are not necessarily sensitive
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Figure 8. Plots of the crystal field splitting (AE) and the intensity ratio
of features A and B (I,/(Iz; + Iy,)) as a function of ry,/ry. Peak
intensities are taken as the area of the peaks.

to local distortions within an ordered crystal structure. Total
scattering methods are more sensitive to local distortions. X-ray
absorption spectroscopy, Raman spectroscopy, and nuclear
magnetic resonance have been used previously to measure local
distortion in several titanate and molybdenum pyrochlores that
was not observed in diffraction and scattering experiments.** >
Our XANES analysis shows that local disorder is present in the
pyrochlore phases and that this increases as the lanthanoid size
decreases until the fully disordered defect fluorite phase forms.
XANES proved to be a powerful technique for analyzing the
local structure of these materials, providing evidence of local
distortion that was not detected from diffraction measurements.

Returning now to “Ce,Zr,0,” that diffraction demonstrated
to be tetragonal fluorite CejsZr;sO,. That the Ce is present as
Ce*" in this sample was confirmed by examination of the Ce L,-
edge XANES spectrum (Figure 9). The Ce L-edge is highly
sensitive to the oxidation state of Ce.’' Three peaks are
observed in the Ce L;-edge spectra (labeled A, B, and C). Peaks
A—C correspond to the 41°, 4f'L', and 4f2L* final states (L
denotes a ligand hole), respectively.”> When compared to
CeAlO; (Ce™) and CeO, (Ce*), the line shape is nearly

——Ce Zr0

2277

= = -CeAlO,
--=- CeO,

Nm(E)
.

Ce L -edge

5730 5745 5760
Absorption Energy (eV)

5715 5775

Figure 9. Ce L;-edge XANES spectra, collected in fluorescence mode,
of “Ce,Zr,0,”, CeAlO;, and CeO,. Peaks A—C correspond to the 4f°,
4f'L', and 4f°L” final states (L denotes a ligand hole), respectively, and
are characteristic of Ce**.%* The absorption energies and intensities of
peaks A—C are approximately the same in both “Ce,Zr,0,” and CeO,,
reflecting similar covalent character and coordination environments.>>,
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identical to that of CeO,, indicating that Ce*" in “Ce,Zr,0,”
has been completely oxidized to Ce*" (ie., the molecular
formula should be written as CejZry0,).

The line shape of the Zr Lj-edge of “Ce,Zr,0,”
(CepsZrysO,) (Figure 6a) is considerably different from
those of the Zr-containing pyrochlores or defect fluorites
described above; feature B was much more intense than feature
A for Cey3Zry5O,. Such a line shape is similar to that observed
in the Ce-rich region of the CeO,~ZrO, phase diagram.>* The
intensity ratio and crystal field splitting of Ce,sZr, O, (Figure
8) suggests that the Zr CN is higher than that of the other
zirconates. The higher CN indicates that Zr atoms are
surrounded by more O atoms than in the other zirconates.
This is consistent with the bulk structural studies that show the
Zr in CeysZrysO, to be eight-coordinated, whereas in the
defect fluorites the Zr is effectively seven-coordinated. The
excess O is stabilized by a change in the oxidation state of Ce*”,
as confirmed from the Ce L;-edge XANES analysis (Figure 9).
This is a powerful illustration of the sensitivity of the Zr L;-
edge to local coordination and suggests it is possible to
distinguish between oxygen deficient and stoichiometry Zr
fluorites.

B CONCLUSIONS

In conclusion, we have demonstrated, using Zr L-edge XANES
data, that local disorder occurs right across the Ln,Zr, 0, series.
Two important messages come from this work. First, bulk
diffraction methods can provide evidence for long-range anion
disorder, although X-ray diffraction methods are of limited
value. As evidenced by the recent study of Nd, Ho,Zr,O,,
neutron methods are more suitable for detecting anion
disorder.”” Second, the Zr L-edge spectrum is extremely
sensitive to changes in the local coordination environment.
This sensitivity enables us to identify the evolutionary nature of
the pyrochlore-defect fluorite transition that could not be
detected using synchrotron or laboratory-based X-ray diffrac-
tion techniques. Finally, given that XANES can easily be a
surface sensitive technique by detecting electron yields, the
methodology used here to study the local structure of bulk
zirconates could easily be extended to thin film samples being
investigated for use as electrolytes or thermal barrier coatings.
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