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Local atomic structure in cubic stabilized zirconia
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X-ray-absorption fine structure measurements have been used to elucidate the local atomic structure of
quaternary Zr, Y, Er, Ce/U cubic stabilized zirconia. These compounds display more complicated local envi-
ronments than those reported for simpler binary systems. While the shortest cation-O distances are similar to
those found in the binary cubic stabilized compounds, responding to the different sizes of the cations, we have
identified large distortions in the first-shell oxygen distribution involving long, 2.8–3.2 Å cation-O distances
that are similar to those found in the amorphous phase of zirconium. The cation-cation distributions are also
found to be quite complicated~non-Gaussian! and element specific. The U-near neighbor distances are ex-
panded relative to the Ce ions for which it substitutes, consistent with the larger size of the actinide, and the
U-cation distribution is also more complicated. In terms of the effects of this substitution on the other cation
sites, the local environment around Y is altered while the Zr and Er local environments remain unchanged.
These results point out the importance of collective and correlated interactions between the different pairs of
cations and the host lattice that are mediated by the local strain fields generated by the different cations. The
presence of pair-specific couplings has not been commonly included in previous analyses and may have
implications for the stabilization mechanisms of cubic zirconia.

DOI: 10.1103/PhysRevB.64.104101 PACS number~s!: 61.10.Ht, 61.72.Ji, 61.72.Ww, 61.43.2j
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I. INTRODUCTION

The zirconia phase and its dependence upon the com
cated and delicate balance between the geometry of
ZrO7–8 cluster, the number of nearest neighbor~NN! oxygen
atoms, the Zr-O distance, and local strain1 demonstrate the
need for accurate and complete atomic scale structural c
acterization of cubic stabilized zirconia~CSZ!. If the dopants
in their different local environments behave as separate
dependent entities then their effects on the structure an
stability will be cumulative, linear, and easily predictable.
the dopants interact or participate in collective behavior th
complex, nonlinear, and even discontinuous or critical ty
of behavior are possible. A related phenomena in comp
materials and quite possibly CSZ is nanoscale heterogen
or phase separation2–5 and its association with interestin
correlated behaviors of electrons and atoms~e.g., high-
temperature superconductivity,6,7 and colossal
magnetoresistance8!. Heterogeneity or phase separation of
oms could be driven by nanoscale defect aggregation
fluctuations in composition, local strain, and/or charge. T
may occur naturally because of the random distribution
substitutional elements in nonstoichiometric compounds,
may also result or be enhanced by collective interacti
among isolated defect sites that cause the formation of
riodic clusters or networks. The small size of these doma
~at or below the diffraction limit! as well as their poor co
herence prevent them from diffracting even while they m
comprise a significant portion of the material.

Phase stability is the primary concern in the zirconia s
tem. Zr and Hf dioxides are unique among transition me
in displaying a cubic fluorite instead of a rutile-type stru
ture. This unusual behavior can be attributed to the h
0163-1829/2001/64~10!/104101~12!/$20.00 64 1041
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charge-to-radius ratio for Zr41, which promotes short, highly
covalent, seven-coordinate Zr-O bonding1 and results in a
high degree of flexibility and disorder in the local atom
environment around Zr. Six polymorphs, all of which can
considered topologically identical derivatives of the fluor
structure via displacive movements of the O and Zr atom
have been described for ZrO2, with the monoclinic, tetrago-
nal, and cubic phases stable at ambient pressure. Se
coordinate Zr in the monoclinic phase displays seven uni
oxygen sites with a mean Zr-O bond distance of 2.16 Å.9 The
Zr coordination becomes eightfold in the higher symme
structures with an expansion of the average Zr-O dista
from 2.16 Å to 2.26–2.28 Å.10,11The high-temperature cubi
and tetragonal phases are stabilized at room temperatur
the substitution of Zr41 with relatively large concentration
of other, aliovalent cations~e.g., Mg21, Ca21, Y21!. These
dopants introduce oxygen vacancies into the lattice and
duce the Zr coordination in the cubic phase with concomit
diminution of the average Zr-O distance in both the tetra
nal and cubic phases.12–16 Thermodynamically, the cubic
phase is fully stable only when the average Zr coordinat
is ;7.5,1,7–19 consistent with ZrO7 clusters as the favored
cubic geometry. Although consensus was n
immediate,11,20–25 X-ray-absorption fine structure~XAFS!
measurements by Liet al.17–19 indicate and calculations
support26 O vacancies NN to Zr when the aliovalent dopa
cation is larger than Zr and NN to the dopant when it
smaller than Zr, consistent with the observation that sma
cations are less effective stabilizers.27,28

Crystallographic approaches, while providing the ess
tial information on the average structure, are not as effec
as local structure measurements in characterizing th
mechanisms even when conventional analysis of Br
©2001 The American Physical Society01-1
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peaks is augmented with, e.g., Fourier difference maps29 and
diffuse scattering analysis.30,31 The elemental specificity o
XAFS is part of its advantage, but the sensitivity of scatt
ing to the long-range average structure of the coherent f
tion of the crystal and its bias towards periodicity and sy
metric structures have produced what are likely to be ove
simplistic structural models for CSZ. In particular the cati
disorder has been very difficult to describe in the crysta
graphic context with the majority of studies using identic
cation sites with randomly distributed dopants.12,29–37Some
investigations have identified displacements of the cation
CSZ.12,30 The vast majority, however, have focused on t
displacements of the oxygen atoms NN to oxygen vacan
and pairing/interactions of vacancies,29–33 size effect
strains,34,35and the possible presence on anharmonic ther
vibrations.36 The primary focus on oxygen displacemen
and the ordering/interaction of oxygen vacancies has resu
in a picture in which oxygen atoms NN to vacancies, a
neighboring cations to a lesser extent, are simply displa
from the ideal fluorite positions along lattice vectors.38 These
models lack the site-specific details provided by XAFS t
are essential in understanding the mechanisms of tetrag
and cubic stabilization with different classes of substitu
cations. CSZ’s cannot be understood in the context of
‘‘average structure’’ approach inherent to diffraction-bas
crystallographic methods. They require ‘‘local structure’’ i
formation that describes the differences in the behavior
the different cations. This is corroborated by calculations t
also show distinct ordering preferences for oxygen vacan
and much more extensive site-specific but aperiodic
placements of all of the atoms in response to this orderin26

These supercell calculations for isolated defects indicate
oxygen and cation atoms NN to vacancies can experie
off-lattice-vector displacements as large as 0.30 and 0.2
respectively.

In addition to determining that the preferred location
oxygen vacancies is NN to the smaller cation~often Zr!,
XAFS studies of local structure in zirconia elucidated oth
significant trends. The radial geometry of theMO6–8 ~where
M indicates a metal cation! clusters in a given phase is sp
cific to the different cations but independent of t
composition,19,27 in contradiction to diffraction results. Addi
tionally, these previous XAFS studies find that for equ
sized and larger dopants the Fourier transform amplitud
the second-shell cations decreases with increasing do
concentration19,28 even while good fitting results are still ob
tained with a single, Gaussian shell. Since the occupancy
this site must be conserved, this implies that, as expected
differently structured local environments, the cation distrib
tion is becoming increasingly disordered as the numbe
different types of sites, i.e.,M0Zr12,M1Zr11,M2Zr10, etc.,
increases. This contribution to the XAFS continues to
well fit with the simple, single-distance, Gaussian distrib
tion model. However, high-quality fits are only a necess
but not sufficient criterion for the accuracy of a result b
cause of uniqueness problems and biases that afflict XA
similarly to diffraction. For example, the NN oxygen of se
eral zirconia polymorphs was well fit with a single, Gauss
oxygen shell, giving accurate average distances and rela
10410
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widths vis-à-vis crystallographic results. However, the r
ported crystallographic data indicate that the distributions
far from Gaussian and the separations between positions
often greater than the resolution limit of the data.17 In addi-
tion, the possible importance of collective interactions b
tween the different cation sites has been hinted at not onl
the case of small cations but also for the Zr-Y-Nb-O syste
A preference of the Nb to be next NN to Y suggests that
scale of charge compensation is subnanometer, occurring
the interactions of adjacent atoms rather than averaged
the crystal.28

We have addressed these issues in CSZ’s for inert ma
fuel ~IMF! applications by performing Zr, Y, Er, and Ce/U
XAFS measurements on a series of related compounds o
form ZrxYyErz(Ce/U)sO22d ~d is determined by the conten
of Y and Er!. The analysis was focused on the comple
elucidation of the element-specific pair distribution functi
to determine if the trends reported for simpler compoun
continue in these more complicated systems. In addit
identifying different dependencies of the local environme
of the different cations on the overall composition will pr
vide an indication of the importance of possible complex a
cooperative behavior between the different cation specie
CSZ. Our results will show that there are specific ways
which each cation distorts its surrounding atomic enviro
ment and that some of the cations participate in pair-spec
interactions that may ultimately have ramifications on t
proposed stabilization mechanisms and structural models
CSZ.

II. EXPERIMENT

Er0.05Y0.10Zr0.85O1.92, Er0.05Y0.10Ce0.10Zr0.75O1.92,
Er0.07Y0.10Ce0.15Zr0.68O1.91, Er0.05Y0.15Ce0.10Zr0.70O1.90, and
Er0.05Y0.10U0.10Zr0.75O1.92 were obtained by coprecipitatio
of their oxy-hydroxides by ammonia addition to nitrate so
tion of the metal salts. The cake was dried, calcined, a
milled to produce the oxide powder. The sample contain
uranium was dried under an inert atmosphere to avoid o
dation. Aliquots of these powders were pressed prior to s
tering of the pellets at 1600 °C for 5 h. Pellets were mill
prior to x-ray analysis. For spectroscopic measureme
samples were manually ground with a mortar and pestle
loaded into 2.5320 mm slots in an aluminum holder a
tached to the cryostat coldfinger.

X-ray diffraction measurements on th
Er0.05Y0.10Zr0.85O1.92 sample39 confirm its cubic structure
with a lattice parametera55.13560.002 Å that is slightly
larger than that of pure cubic zirconia (a55.120
60.005 Å).40 The addition of Ce expands the lattice para
eter toa55.17460.007 Å in the Er0.05Y0.10Ce0.10Zr0.75O1.92
sample and substitution of U for Ce again slightly expan
the lattice parameter toa55.17960.007 Å. The diffraction
showed that all samples were single phase.

The x-ray absorption spectra were measured at the S
ford Synchrotron Radiation Laboratory on beamline 4-2
ing Si~220! and Si~440! monochromator crystals. The rela
tive orientation of the monochromator crystals was tuned
maximize x-ray flux. Harmonic rejection was achieved w
1-2
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FIG. 1. The Fourier transform modul
~FTM’s! of XAFS data collected for each of th
cations present in the IMF compounds. The
moduli are shown over an abbreviated range
the k-space data (k53.0– 10.0 Å21) since tak-
ing a larger range obscures differences in t
second-shell cation peaks~the disordered contri-
bution is masked by the much stronger Gauss
contribution that dominates at higherk values!.
The first peak due to theM-O is insensitive to the
total dopant concentration with the exception
the Zr data. TheM-M distribution shows marked
differences for each data set indicating that t
local atomic distribution of cations differ aroun
Zr, Y, Er, and Ce.
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a Pt-coated mirror. The absorption spectra were meas
across theK edge for Zr, Y, and Ce and across theL III edge
for Er and U. The spectra were obtained through fluor
cence spectroscopy by averaging the signal from each
9–11 elements of a Ge fluorescence detector. All data w
measured at 80 K using a liquid nitrogen cryostat. The sp
tra were collected up to an energy corresponding tok
515 Å21 for each element. The XAFS for each spectru
were extracted using standard methods.41 The energy was
calibrated by defining the first inflection point of the abso
tion edge to be that of the pure element. The energies u
are 17.998 keV for the ZrK edge, 17.038 for the YK edge,
40.443 keV for the CeK edge, 8.358 keV for the ErL III
edge, and 17.166 keV for the UL III edge. Normalized data
were obtained by setting the difference between preedge
postedge polynomial fits to the spectra to unity. The XA
were obtained as the difference between the spectra a
polynomial spline fit to the postedge region. The spline w
adjusted to minimize the integrated area under the lo
frequency region (r ,1.0 Å) in the corresponding Fourie
transform.

Metrical parameters of interest were obtained by non
ear least squares fitting of thek3-weighted XAFS data ove
the rangek53.0– 14.2 Å21, with the exception of the U data
in which the fit was performed up tokmax513 Å21. The
focus of this study was on identifying the existence and
cation of shells of neighbor atoms, the sum of which defi
the ~partial! radial distribution functions. Theoretical scatte
ing phases and amplitudes needed for the curve fits w
calculated with the FEFF7 code.42 The complicated distribu-
tions that were found obscure the numbers of atoms and
Debye-Waller factors. Evaluation of selected amplitude
rameters was performed by ratioing and subtraction meth
Similarly, the possibility of four types of overlapping catio
neighbors that do not necessarily match the stoichiometry
us to present these second-neighbor results as a single
posite distribution function. Additional details of our fittin
procedure are described in the next section.

The results of the XAFS measurements are shown in
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form of Fourier transform magnitudes~FTM!. The distances
observed in the FTM are shifted to smaller distances fr
the true bond distances by the x-ray scattering phase
that is a function of the absorber-scatterer pair. The FT
contains only half of the information content of the XAF
spectrum. The combination of the strike imaginary/real co
ponents of the FTM@analogous to the phase inx(k)# provide
both the sensitivity to the neighbor atoms’ atomic number
well as details of the distribution that are obscured by int
ference and overlap in the FTM.

III. RESULTS AND DISCUSSION

The FTM’s for the extracted XAFS data all show tw
prominent peaks indicative of a quasicubic local struct
~Fig. 1!. The first peak in each FTM is due to theM-O
distribution~whereM5Zr, Y, Er, Ce! while the second is due
to theM-M distribution. The small contributions around an
just above 4 Å in the plots are due to the third NNM-O
contributions lying beyond theM-M distances in the fluorite
structure. The FTM’s of Fig. 1 are taken overk
53 – 10 Å21, a shorter range than used for the curve fi
This short range accentuates the differences between
spectra, a counterintuitive effect that we believe refle
rapid damping of the contributions from the disordered co
ponents of the structure.

The Zr-O peak located atr 1d51.6 Å shows enhanced
amplitude as a function of total dopant concentration. T
behavior is not typical of nonstoichiometric compounds
which we expect disorder to reduce the peak amplitudes
the dopant concentration increases. The remainingM-O
peaks, which are shifted by 0.2 Å tor 1d51.8 Å in their
respective FTM’s, show a relatively insensitive response
the total dopant concentration. The normal trend of decre
ing oxygen peak amplitude as the atomic number of the c
tral absorbing atom increases is not reflected in these d
The absence of this trend indicates that there are additi
factors making significant contributions to the peak amp
tudes such as static disorder or more likely the presenc
1-3
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the multiple, cation-dependentM-O distances we have iden
tified.

The M-M peaks, nominally located atr 1d53.2 Å in
each of the spectra, show concentration dependence fo
data sets. The general trend is a decrease in theM-M peak
amplitude as a function of total dopant concentration exc
in the case of the Er data in which this peak is split a
shows a nonmonotonic change in amplitude with increas
dopant concentration. In the cases of Zr and Y theM-M peak
displays a small shoulder on the low-r side and the Ce-M
peak is quite broad with a highly reduced amplitude. Th
features reinforce the idea that the cation distribution is m
complex than can be accounted for by a simple Gaus
distribution and random chemical ordering. There are no
preciable spectral contributions abover 1d54.5 Å in any of
the FTM’s indicating the loss of extended local order in the
compounds with a more complicated composition relative
simpler binary CSZ compounds.

Previous XAFS studies on CSZ and its many polymorp
used a single Gaussian shell to characterize the oxygen
cation contributions and achieved good fits that identifi
Zr-O and Zr-M distances and Gaussian widths in agreem
with the average crystallographic values.17–19,27,28,43 The
Zr-O and Zr-M distributions, however, are far from
Gaussian, so it is more accurate to describe these resu
depicting the Gaussian component of the local atomic dis
bution. Characterizing all of the details of a complicate
asymmetric, multisite distribution is difficult because there
no generalized method applicable to XAFS spectra. Attem
ing to use a sum of several Gaussians quickly leads to
overdetermined fit with too many parameters. We have
success with this problem by performing a series of b
limited and overdetermined fits on all spectra from rela
compounds. We have also found it more effective to use
resulting radial distribution function~RDF! with its overlap-
ping shells to provide a qualitative picture of the local en
ronment rather than the metrical parameters resulting f
the fit.44 Inherent to such a procedure is the necessity
proving that the additional shells giving the asymmetry
tually do exist and are not artifacts of a potentially overd
termined fit. This is accomplished by comparing the resi
als ~data minus fit! over multiple spectra from relate
compounds, and examining these differences for consiste
appearing features that are well fit by the type of atom
question. We will discuss the details of this procedure in
case of the ZrK-edge XAFS data in order to explicitly show
our methodology that is critical to identifying all the shells
atoms and components of the distributions.

This process was begun by closely comparing the
K-edge FTM of the IMF compounds with that of a pu
cubic zirconia thin film obtained by ion beam irradiation of
monoclinic thin film. Of more interest than the difference
amplitude was the fact that the IMF compounds show
small but consistently resolved peak atr 52.2 Å whereas the
cubic ZrO2 simply displays a broadening of the baseli
~Fig. 2, upper panel!. The Zr-O distribution of the cubic ZrO2
standard was well fit by two or three oxygen shells with Zr
bond distances less than 2.7 Å while the Zr-O distribution
the IMF compounds was not. When these initial limited fi
10410
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are subtracted from the data, the residuals exhibit a pea
r 1d52.5 Å. This feature is subsequently well fit by add
tional oxygen shells~Fig. 2, lower panel!. The reproducibil-
ity of this feature across the related IMF compounds as w
as the excellent phase and amplitude match of the oxyge
to the residual increase our confidence that the residua
indeed due to an oxygen contribution~inset to Fig. 2, lower
panel!. These results imply the presence of Zr-O distan
greater than 2.7 Å in the IMF compounds, as have b
reported in amorphous zirconia.45 We have applied this
method of analysis to the oxygen and cation contributions
each of the IMF compounds for each absorption edge res
ing in the RDF’s depicted in Fig. 3.

In addition to our curve fitting analysis we have used t
ratio method41 in order to further characterize the back tran
form amplitudes of the first shellM-O distribution. This
method allows a sensitive comparison of the coordinat

FIG. 2. Upper panel: The FTM (k53.0– 14.25 Å21) of the Zr
K-edge XAFS for the monoclinic~standard! and Zr-Y-Er-Ce zirco-
nias. The inset shows how the spectrum of the monoclinic stand
significantly differs from those of the more complicated compoun
in the region between the two main peaks. This difference or
nates in the presence of a complicated, multisite oxygen NN dis
bution consisting of oxygen shells with Zr-O distances greater t
2.7. Lower panel: The fit residuals~data-fit! display significant
spectral features at 2.5 when oxygen contributions beyond 2.7
neglected. A two oxygen NN fit to the monoclinic standard sho
no additional oxygen contributions~the peak at 2.7 is due to a
disordered/multisite Zr-M contribution!. The inset shows a fit to this
additional oxygen contribution and displays an excellent phase
amplitude match with the oxygen standard generated by FEFF
1-4
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FIG. 3. The radial distribution functions
~RDF’s! resulting from the curve fitting proce
dure described in the text. The first-shell oxyge
contributions~1.9–2.5! are multisite for the Zr
and Ce, and highly ordered and single site for
and Er. Zr, Y, and the Ce compound with th
lowest Ce concentration all show a complex ox
gen distribution lying between 2.5 and 3.1 that
split in the Zr and Y data. All data sets show
complex disorderedM-M distribution lying be-
tween 3.2 and 4.0 with the Er RDF showing
well-resolved splitting of the cation shell. Contr
butions lying above 4.1 are due to third-she
oxygen atoms that occur in the cubic fluori
structure.
p
o

nd
re
a

th
Id

a
e-
n

ia

f
m

ing
en
y-
es

th
on
kly
r,

om-
ent
ve
he
ns-

7 in
of

this

ns-
e

r-O
a-

e of
he

ces
re

used

gh
ro-
f
um-
on-
numbers for the absorbing atom as a function of the sam
composition. This method is comparative; the results are
tained as changes with respect to a reference sample, a
has only minimal dependence on the fitting procedu
Changes in the functional form of the amplitude ratio are
indication of changes in the local atomic environment of
absorbing atoms with respect to the reference material.
ally, the form of the amplitude ratios should be linear as
function of k, and for simple Gaussian shells with identic
Debye-Waller factors the ratio will be a horizontal line. D
partures from linearity are an indication that the distributio
of the reference and sample in question are different~i.e.,
differing Debye-Waller factors or Gaussian vs non-Gauss
distributions!.

A. Zr-O

The averageM-O andM-M distances are quite typical o
CSZ; however, the curve fitting results indicate a more co
plicated picture of the local atomic structure surround
each element~Fig. 3!. Substantial dependence of the oxyg
NN distribution on the central atom is found. The NN ox
gen distribution of Zr is found to be split between two sit
with an average separation of 0.12 Å~Table I! and a mean
Zr-O distance of 2.17 Å. This mean Zr-O distance and
splitting is consistent with diffraction measurements
CSZ.12 The splitting and relative spectral weights are wea
dependent on the total dopant concentration. Howeve
10410
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sharp increase in the total number is observed for the c
pound with the highest impurity concentration in agreem
with the FTM’s of Fig. 1. We have augmented the cur
fitting analysis of the first-shell oxygen contributions by t
ratio method. In this analysis we have used the backtra
form amplitude of the Er0.05Y0.10Zr0.85O1.92 sample as a ref-
erence by assuming the coordination number for Zr to be
accordance with its cubic stabilized structure. The results
the ratio analysis are then determined with respect to
assumed coordination.

The imaginary part and the amplitude of the backtra
forms for the first-shell Zr-O contributions as well as th
amplitude ratios are shown in Fig. 4. In the case of the Z
distribution the departure from linearity in the amplitude r
tios, which is significant beyondk511 Å21, is caused by the
beat in the backtransform that results from the interferenc
the two distances comprising this first shell. Linear fits to t
amplitude ratio over the rangek53 – 11 Å21 allow one to
extract the change in coordination number if the distan
and Debye-Waller factors from the curve fitting analysis a
used as inputs. The distances and Debye-Waller factors
are those found in Table I for the Zr-O distribution~adjust-
ment of the Debye-Waller factors from those found throu
the fitting process did not affect the results of the ratio p
cess!. The inset to Fig. 4~lower panel! shows the results o
the ratio analysis that show the apparent coordination n
ber of Zr to be increasing by 13% as the total dopant c
.08

.08

.08

.08

.08
TABLE I. Curve fitting results for the Zr-O distributions. Typical errors are60.02 Å for the bond distances,620% for coordination
numbers, and60.01 for the Debye-Waller factors.

Zr-O ~Å! N s ~Å!

Er0.05Y0.10Zr0.85O1.92 2.08, 2.20, 2.68, 2.94, 4.28 2.82, 2.77, 1.47, 1.00, 3.24 0.06, 0.06, 0.08, 0.08, 0
Er0.05Y0.10Ce0.10Zr0.75O1.92 2.11, 2.22, 2.70, 2.95, 4.31 3.06, 2.47, 1.21, 1.24, 1.83 0.06, 0.06, 0.08, 0.08, 0
Er0.05Y0.15Ce0.10Zr0.70O1.90 2.12, 2.23, 2.71, 2.94, 4.34 3.22, 2.16, 1.13, 1.37, 2.04 0.06, 0.06, 0.08, 0.08, 0
Er0.07Y0.10Ce0.15Zr0.68O1.91 2.10, 2.23, 2.72, 2.94, 4.34 2.98, 3.54, 1.19, 0.99, 4.94 0.04, 0.05, 0.08, 0.08, 0
Er0.05Y0.10U0.10Zr0.75O1.92 2.11, 2.24, 2.73, 2.96, 4.37 3.11, 2.10, 1.40, 1.94, 1.43 0.06, 0.06, 0.08, 0.08, 0
1-5
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centration increases from 15 to 32 at. %. The error bars
the coordination are a reflection of the deviation of the a
plitude ratio from the zero-slope fit and not an indication
the absolute error in coordination number. This result is s
prising in that the coordination of Zr in the cubic phase
thought to be 7 independent of the dopant concentrat
however, is consistent with the increasing Zr-O peak am
tude found in the Zr FTM~Fig. 1!. This apparent increase i
coordination could also result from a reduction in the dis
der of the Zr-O distribution that is reflected in the larg
numbers and smaller Debye-Waller factors found in
curve fits~Table I!.

In addition to the split first-shell oxygen contributions w
have identified, in the fit residuals from the single O shell
prominent sets of longer oxygen distances lying between
and 3.1 Å that are also split by 0.24 Å. The finding that the
are Zr-O contributions in the range of 2.6–3.1 Å is suppor
by XAFS studies of amorphous ZrO2 (a-ZrO2) thin films.
This study found that the Zr-O distribution ina-ZrO2 is
spread from 1.9 to 3.3 Å by using reverse Monte Ca
analysis45 to deal with the significant disorder. The presen
of these longer Zr-O distances could be an indication of co
plex defect structures and/or significant disorder induced
the complicated nonstoichiometric substitutions in these I
compounds.

B. Y-O

The shortest Y-O contribution, unlike that of Zr-O, is we
fit by a single Gaussian shell at 2.30 Å independent of to
dopant concentration. The distances, coordination numb
and Debye-Waller factors found in the curve fitting analy
~Table II! are consistent with the results of the local atom
structure found in simpler yttria-stabilized cubic zirconia18

This first shell was also analyzed by the ratio method~Fig. 5!
in an effort to identify any change in Y coordination. Aga
the reference compound chosen was Er0.05Y0.10Zr0.85O1.92
and the coordination for the first-shell oxygen distributi
was assumed to be 8 consistent with the curve fit results
previous XAFS studies. The results of this analysis indic
that the Y coordination changes by less than 10%, whic
well within the uncertainty for coordination number
XAFS analysis. The amplitude ratio for the compound w
the largest Y concentration has the strongest departure
linearity as well as the lowest coordination number. An a
ditional analysis of the Y coordination can be made by us
the first-shell Zr-O backtransform amplitude. In each ca
the reference used is the first-shell Zr-O contribution fro
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each compound as well as the coordination numbers ide
fied through the ratio analysis of the Zr coordination~Fig. 4!.
Where the previous ratio comparisons were a function
dopant concentration these ratios will compare the Zr an
coordination with the same dopant concentration. The res
of this analysis show that the Y coordination is on avera
greater than the Zr coordination by 1.28 and varies by l
than 11% across the samples~Fig. 6!. As in previous cases
the deviations of the Y/Zr amplitude ratios from lineari
result from the two-site nature of the Zr-O distributions

FIG. 4. Upper panel: The imaginary part and amplitude of
backtransform of the NN Zr-O shell showing evidence for a bea
12.5 Å21 that results from the two-site distribution. Lower pane
The amplitude ratio functions also show evidence for a chang
the bear near 12.5 Å21 indicating a change in the separation and
spectral weights of the two shells comprising the NN Zr-O dis
bution. The inset shows results of the coordination analysis of
amplitude ratios indicating a possible increase in the Zr coord
tion number by 13%.
09
TABLE II. Curve fitting results for the Y-O distributions. Typical errors are60.02 Å for the bond distances,620% for coordination
numbers, and60.01 for the Debye-Waller factors.

Y-O ~Å! N s ~Å!

Er0.05Y0.10Zr0.85O1.92 2.30, 2.82, 3.04, 4.19 7.66, 1.89, 1.71, 7.31 0.10, 0.08, 0.08, 0.09
Er0.05Y0.10Ce0.10Zr0.75O1.92 2.30, 2.81, 2.97, 4.24 7.54, 1.18, 0.99, 1.74 0.10, 0.08, 0.08, 0.10
Er0.05Y0.15Ce0.10Zr0.70O1.90 2.30, 2.80, 3.00, 4.20 6.62, 1.78, 1.87, 5.46 0.10, 0.08, 0.08, 0.08
Er0.07Y0.10Ce0.15Zr0.68O1.91 2.30, 2.81, 2.99, 4.41 7.81, 1.27, 0.92, 1.69 0.10, 0.08, 0.08, 0.11
Er0.05Y0.10U0.10Zr0.75O1.92 2.25, 2.38, 2.75, 2.90, 4.39 3.96, 3.17, 2.05, 2.81, 5.54 0.06, 0.08, 0.05, 0.05, 0.
1-6
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LOCAL ATOMIC STRUCTURE IN CUBIC STABILIZED . . . PHYSICAL REVIEW B64 104101
the single Gaussian distribution found for the Y-O distrib
tion.

As was the case with the Zr-O distribution, the Y-O d
tribution was also found to contain contributions beyond
first shell. Analysis of the fit residuals has identified Y-
distances lying at 2.80 and 3.00 Å, slightly longer than
long M-O distances associated with Zr. There is some s
gestion that the oxygen distribution around Y is composit
dependent, with a larger splitting in the longer distances
compounds where Y is the dominant dopant.

C. Er-O

The NN Er-O distribution is found to be very similar t
that of Y-O distribution with a single Gaussian compone

FIG. 5. Upper panel: The imaginary part and amplitude of
backtransform of the NN Y-O shell. The Y-O backtransforms a
much more insensitive to the sample composition. Lower pa
The amplitude ratios for the Y-O backtransforms show a much m
linear form over the entirek range. The inset shows that the
coordination differs from 8 by less than 10%.
10410
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located at 2.29 Å~Table III!. The numbers and Debye-Walle
factors are both slightly lower for the Er-O distribution ind
cating better ordering of the NN oxygen distribution. Th
ratio analysis~Fig. 7! for this oxygen shell, again using th
Er0.05Y0.10Zr0.85O1.92 sample as the reference and assum
an Er coordination of eight for this compound, indicates th
there is a less than 4% deviation from eightfold coordinat
as a function of dopant concentration. An examination of
highly linear form of the amplitude ratios also demonstra
that the Er-O distribution changes very little as a function
total dopant concentration and is well characterized b
single Gaussian shell. Longer Er-O distances like th
found for Zr-O and Y-O are of negligible number.

D. Ce-O

The Ce-O distribution shows the most complicated str
ture of all the cations. The Er0.05Y0.10Ce0.10Zr0.75O1.92 sample
shows approximately equal oxygen contributions at 2.
2.33, and 2.88 Å~Table IV!. The Er0.07Y0.10Ce0.15Zr0.68O1.91,
and Er0.05Y0.15Ce0.10Zr0.70O1.90 samples show a dominan
contribution at 2.29 Å with small, almost negligible contr
butions above and below this main oxygen shell. The co
plicated structure of the NN oxygen distribution did not a

e

l:
re

FIG. 6. The amplitude ratios of the Y-O backtransforms with t
Zr-O backtransforms. The nonlinearity of the amplitude ratios
flects the difference in backscattering amplitudes as well as
local atomic distribution. The inset shows the results of the coo
nation number analysis and indicates that the Y coordination
approximately 8 with less than 11% variation as a function
sample composition.
8

9

TABLE III. Curve fitting results for the Er-O distributions. Typical errors are60.02 Å for the bond
distances,620% for coordination numbers, and60.01 for the Debye-Waller factors.

Er-O ~Å! N s ~Å!

Er0.05Y0.10Zr0.85O1.92 2.29, 2.99, 4.28 6.59, 0.54, 6.00 0.09, 0.10, 0.09
Er0.05Y0.10Ce0.10Zr0.75O1.92 2.29, 2.85, 4.26 7.68, 0.58, 6.00 0.10, 0.06, 0.07
Er0.05Y0.15Ce0.10Zr0.70O1.90 2.28, 2.42, 3.03, 4.33 5.44, 1.09, 0.88, 6.00 0.08, 0.10, 0.09, 0.0
Er0.07Y0.10Ce0.15Zr0.68O1.91 2.29, 2.85, 4.29 6.80, 0.32, 6.00 0.09, 0.06, 0.07
Er0.05Y0.10U0.10Zr0.75O1.92 2.29, 2.45, 3.04, 4.34 5.44, 1.58, 0.96, 6.00 0.08, 0.09, 0.09, 0.0
1-7
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P. VILLELLA et al. PHYSICAL REVIEW B 64 104101
low for a ratio analysis or a reasonably definitiv
determination of the Ce coordination.

The M-O distributions described above are indicative
local atomic structure that is quite complicated and a fu
tion of the neighboring cation. The longM-O distances iden-
tified around Zr, Y, and Ce to a lesser extent, may result fr
the presence of large local strains resulting from atomic s
mismatch and/or the presence of defect structures that
nificantly deviate from the crystallographic structure.46

The discussion of the general trends of theM-O peak
amplitudes as a function of the atomic number of the abso
ing atom in XAFS alluded too earlier in this section can no
be addressed. The presence of multipleM-O distances, iden-
tified through the fit residuals, around Zr, Y, and Ce resul
significant interference between the individual contributio
to the XAFS spectrum reducing the peak amplitudes.

E. M-M

Interpreting the results for the next NN cations is pro
lematic. Relative numbers of the different elements can
be fixed since it is not known if the local composition
purely random or if there is partial chemical ordering refle

FIG. 7. Upper panel: The backtransforms for the Er-O distrib
tion showing very little change as a function of dopant concen
tion. Lower panel: The highly linear behavior of the amplitude
tios over the entirek range indicate that the Er-O local atom
structure is well characterized by a Gaussian distribution. Anal
of the Er coordination numbers show less than a 4% departure
eight fold coordination.
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ing vacancy allocations and the interaction of the local str
fields resulting from ionic size mismatch. Consequen
curve fits were begun with a single Zr shell and then
various components in the difference spectra were exam
vis-à-vis all of the different possible contributions. Again i
contrast to XAFS studies of binary CSZ that utilized simp
structural models, quite complicated total distributions a
found ~Fig. 3 and Tables V–VIII!.

Zr displays small contributions both above and below
main Zr-M distance of 3.54 Å~Table V!. The primary Zr-M
contribution at an average distance of 3.54 Å shows a s
tematic reduction in amplitude~reflected in the curve-fitting
analysis as a decrease inN! as the total dopant concentratio
increases. This decrease in amplitude is accompanied by
increase in amplitude of the shorter Zr-M peak found at 3.28
Å. An examination of the relative contributions to the Zr-M
distribution ~Table V! indicates that the addition of Ce in
creases the population of Zr sites with multiple Zr-M bond
distances.

The Y-M distribution appears more generally disorder
around the main Y-Zr contribution at 3.59 Å with addition
contributions lying above and below~Table VI!. The ampli-
tude of the main Y-M peak at 3.59 Å is significantly stronge
than the main Zr-M contribution at 3.54 Å, indicating les
static disorder in the Gaussian component of the Y-M contri-
bution. This is reflected in the larger numbers found for t
shell with Debye-Waller factors comparable to the ma
Zr-M shell ~see Tables V and VI!. The disorder in the Y-M
distribution appears to increase when Ce is added as a
ant, as evidenced by the increased numbers found in
curve fits for the Y-M contributions above and below th
main Y-M distance.

The cation distribution around Er is split between tw
well-resolved sites, with increased disorder or smaller nu
bers at the longer distance in compounds where Y is
dominant dopant. The first Er-M contribution consists of two
closely spaced peaks at a mean distance of 3.62 Å while
second contribution lies at an average distance of 3.97
~Table VII!. This significant splitting of the Er-M peak is
unique among the cations present in these IMF compou
The presence of this splitting and the absence of the l
M-O bonds found for Zr and Y indicates the preference of
for relieving local strain by distorting its next NN catio
distributions instead of its NN oxygen distribution.

A dominant Ce-M peak at 3.62 Å characterizes the catio
distribution around Ce. While there is some suggestion in
fit residuals for Ce-M distances below this main contribution
these are found to have insignificant spectral weight~Table
VIII !. The Ce-M distribution is by far the most ordered of th
cations in that it does not display the small populations
shorter and longerM-M distances like Zr and Y and does n
show the pronounced splitting of theM-M distances as was
found for Er. The addition of Ce to the cubic stabilized stru
ture appears to induce distortions in the Z/Y/Er-M shells
while leaving the Ce-M distribution more ordered.

Given that Ce is often used to simulate the effect of
tinides on the structure of CSZ’s for IMF application
it is important to know whether the local atomic enviro
ment of U differs appreciably from that of Ce. The FTM
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TABLE IV. Curve fitting results for the Ce/U-O distributions. Typical errors are60.02 Å for the bond distances,620% for coordination
numbers, and60.01 for the Debye-Waller factors.

Ce/U-O ~Å! N s ~Å!

Er0.05Y0.10Ce0.10Zr0.75O1.92 2.22, 2.33, 2.88, 4.25 2.21, 2.49, 2.33, 1.96 0.07, 0.07, 0.09, 0.08
Er0.05Y0.15Ce0.10Zr0.70O1.90 2.09, 2.29, 2.52, 4.24 0.89, 7.80, 1.30, 1.89 0.07, 0.09, 0.08, 0.07
Er0.07Y0.10Ce0.15Zr0.68O1.91 2.05, 2.28, 2.43, 2.95, 4.27 0.71, 6.82, 1.12, 0.54, 1.40 0.08, 0.09, 0.07, 0.09, 0.
Er0.05Y0.10U0.10Zr0.75O1.92 2.36, 2.95 4.84, 2.54 0.10, 0.10

TABLE V. Curve fitting results for the Zr-M distributions. Typical errors are60.02 Å for the bond
distances,620% for coordination numbers, and60.01 for the Debye-Waller factors.

Zr-M ~Å! N s ~Å!

Er0.05Y0.10Zr0.85O1.92 3.27, 3.57, 3.87 0.23, 11.77, 0.64 0.07, 0.11, 0.09
Er0.05Y0.10Ce0.10Zr0.75O1.92 3.28, 3.53, 3.85 1.86, 10.14, 0.66 0.10, 0.11, 0.09
Er0.05Y0.15Ce0.10Zr0.70O1.90 3.29, 3.53, 3.85 2.15, 9.85, 0.92 0.10, 0.11, 0.09
Er0.07Y0.10Ce0.15Zr0.68O1.91 3.28, 3.54, 3.87, 4.40 1.83, 7.71, 0.43, 1.04 0.10, 0.11, 0.09, 0.09
Er0.05Y0.10U0.10Zr0.75O1.92 3.32, 3.57, 3.71 1.54, 10.46, 0.20 0.10, 0.06, 0.09

TABLE VI. Curve fitting results for the Y-M distributions. Typical errors are60.02 Å for the bond
distances,620% for coordination numbers, and60.01 for the Debye-Waller factors.

Y- M ~Å! N s ~Å!

Er0.05Y0.10Zr0.85O1.92 3.36, 3.59, 4.24 0.62, 15.23, 0.50 0.09, 0.10, 0.06
Er0.05Y0.10Zr0.75O1.92 3.34, 3.59, 4.38 2.45, 16.60, 6.04 0.10, 0.11, 0.15
Er0.05Y0.15Ce0.10Zr0.70O1.90 3.36, 3.58, 4.24 3.69, 19.92, 7.19 0.10, 0.11, 0.13
Er0.07Y0.10Ce0.15Zr0.68O1.91 3.34, 3.62, 3.79 0.91, 11.06, 2.73 0.10, 0.10, 0.10
Er0.05Y0.10U0.10Zr0.75O1.92 3.60 20.69 0.11

TABLE VII. Curve fitting results for the Er-M distributions. Typical errors are60.02 Å for the bond
distances,620% for coordination numbers, and60.01 for the Debye-Waller factors.

Er-M ~Å! N s ~Å!

Er0.05Y0.10Zr0.85O1.92 3.59, 3.63, 4.00 7.42, 4.90, 1.68 0.09, 0.14, 0.09
Er0.05Y0.10Ce0.10Zr0.75O1.92 3.57, 3.58, 3.94 6.79, 3.64, 3.57 0.07, 0.09, 0.09
Er0.05Y0.15Ce0.10Zr0.70O1.90 3.63, 3.66, 3.99 6.27, 5.88, 1.85 0.08, 0.10, 0.09
Er0.07Y0.10Ce0.15Zr0.68O1.91 3.59, 3.65, 3.95 5.55, 4.26, 6.19 0.08, 0.10, 0.10
Er0.05Y0.10U0.10Zr0.75O1.92 3.62, 3.63, 4.00 4.40, 8.10, 1.50 0.10, 0.08, 0.09

TABLE VIII. Curve fitting results for the Ce/U-M distributions. Typical errors are60.02 Å for the bond
distances,620% for coordination numbers, and60.01 for the Debye-Waller factors.

Ce/U-M ~Å! N s ~Å!

Er0.05Y0.10Ce0.10Zr0.75O1.92 3.30, 3.62 0.88, 7.56 0.09, 0.09
Er0.05Y0.15Ce0.10Zr0.70O1.90 3.24, 3.62 0.27, 7.27 0.05, 0.08
Er0.07Y0.10Ce0.15Zr0.68O1.91 3.28, 3.63 0.56, 4.95 0.09, 0.08
Er0.05Y0.10U0.10Zr0.75O1.92 3.4, 3.74 3.85, 6.97 0.10, 0.10
104101-9
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FIG. 8. The FTM’s of the XAFS data for the
Y-10 Er-5 Ce/U-10 IMF compounds. These da
indicate that Ce and U affect their local atom
environments differently in these CSZ com
pounds. The Zr, Y, and Ce data show significa
changes upon substitution of U for Ce indicatin
a corresponding difference in their local atom
structure. The Er data show little change asi
from some amplitude reduction in the Er-M peak.
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for the IMF compounds Er0.05Y0.10Ce0.10Zr0.75O1.92 and
Er0.05Y0.10U0.10Zr0.75O1.92 are compared in Fig. 8.

The Zr-O peak displays a highly reduced amplitude an
0.10 Å shift to longer distance. Likewise, the Zr-M peak also
shows reduced amplitude but, in addition, displays a pro
nent shoulder on the low-r side. The effect of U substitution
for Ce on the Y-O peak is similar to that of Zr-O; the pe
amplitude is reduced and shifted to larger distances by 0
Å. The Y-M peak is shifted to larger distances by 0.13 Å w
a slightly enhanced amplitude upon U substitution. Unl
both the Zr and Y data in the U compound, the Er-O a
Er-M distributions do not show any significant shift in pe
positions or shape. The only effect seen in the Er data
reduction in amplitude of the Er-M peaks. The Ce/U FTM’s
on the other hand show higher amplitudes in the U-O a
U-M peaks as well as a shift to larger distances. These re
indicate that Ce and U environments in the CSZ lattice
not identical. In addition, one can see that the local ato
structure around each of the cations is affected differe
when U is substituted for Ce.
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The RDF’s generated from the curve fitting analysis~Fig.
9! indicate the general trend of expansion of the oxygen
cation peaks away from the central cation when Ce is
placed by U with two important exceptions~Tables I–VIII!.
The local atomic environment around Y shows significa
changes when U is substituted for Ce. The single Gaus
Y-O peak found in the Ce compound is split into two a
proximately equal contributions at 2.25 and 2.38 Å. In ad
tion, the longer Y-O peaks lying above the NN oxygens sh
increased amplitudes with more pronounced splitting. T
Y-M peak becomes distinctly more Gaussian in shape in
cating less disorder in the Y-M distribution when U is sub-
stituted for Ce. The other significant effect of U substituti
is found in the Ce/U-M distribution. The Ce-M distribution
shows a single Ce-M contribution at 3.62 Å while the U-M
distribution is split into two contributions at 3.44 and 3.74
There appears to be a significant, element-specific differe
in the way Ce and U affect their local atomic environmen
The significant distortions around U seem to lie in the n
e

e
’s
U
Y

n
ore
n-
s,
U

FIG. 9. The RDF’s resulting from curve fits to
the Ce/U-CSZ IMF compounds. The larger siz
of U~IV ! relative to Ce~IV ! ~cf. NN oxygen posi-
tions in Ce/U plot! results in an expansion of th
second and third NN for Zr and Er, whose RDF
are otherwise very similar in both the Ce and
compounds. The substantial differences in the
environment, including splitting of the oxyge
shell at 2.3 and increased separation of the m
distant set of oxygen atoms, and in the Ce/U i
cluding the splitting of the second-shell cation
imply a strong interaction between the Y and
sites.
1-10
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NN cation shells while those around Ce seem to lie in
NN oxygen shells. Ratio analysis of the NN oxygen she
for Zr, Y, and Er indicate no significant changes in coordin
tion number when U is substituted for Ce.

These results suggest that the Y and U local environm
interact strongly. Cooperative behavior of this type has p
viously only been reported for cations smaller than Zr41, so
this finding suggests that U, and other actinides, experie
novel interactions with specific cations. The U next NN c
ion distribution significantly differs from that of Ce and in
duces a simple expansion of the oxygen and cation sh
surrounding Zr and Er.

IV. CONCLUSIONS

Previous XAFS studies of CSZ concluded with stabiliz
tion models based on simple dichotomies, aliovalent vs
ovalent, dopant cations larger than Zr41 vs smaller, and oxy-
gen vacancy ordering. These suggest simple, non-elem
specific origins such as steric constraints for their effe
Expanding both the range of elements and the model use
the analysis demonstrates that such models for the ato
structure of CSZ are incomplete.

The first significant result of our XAFS study is the fin
ing that the cations in CSZ do not behave identically w
respect to distortions in their environments. The results p
sented here imply highly element-specific mechanisms
compensating atomic radius-lattice mismatch, either by
torting the NN oxygen or next NN cation distributions. Zr,
and Ce all have highly distorted oxygen distributions wh
Er, despite its similarity to Y in size and charge, displays
single Gaussian oxygen distribution. The next NN cation d
tributions around Zr and Y become significantly more dis
dered when Ce is added as a dopant while Ce itself is fo
to have a single well-ordered Gaussian distribution of n
NN cations. The next NN cations of Er show a split dist
bution in all compounds. The effect of U substitution in ge
eral, appears as an expansion of the oxygen and cation s
ys
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away from their positions in the Ce compound. An importa
exception is the behavior of the local atomic structure arou
Y, where introduction of U enhances the distortions in t
oxygen distribution and reduces the disorder of the surrou
ing cations. The Ce/U-M distributions also differ in that the
Ce-M RDF consists of a single Gaussian contribution wh
that of U is split into two U-M distances.

Second, we have found that collective and coopera
effects must be considered. In the ternary and Ce-contain
compounds these are suggested especially by the chang
the RDF’s~the Y-O and Er-M distributions! of some of the
elements to the Y fraction of the total dopant level as well
the observation that addition of Ce induces distortions to
next NN cation distributions around Zr and Y. A special ro
for Y in cooperative behavior is also implied by the radic
changes in its RDF prompted by the replacement of Ce w
U. Cooperative and/or collective effects between specific c
ion pairs can result in the formation of nanometer-scale
fect structures and/or cation ordering that could have sign
cant ramifications on the proposed mechanisms
stabilization of the cubic and tetragonal phases of zircon
Currently, proposed stabilization mechanisms typically
clude simple displacements of oxygen atoms and cati
with respect to the crystallographic fluorite structure resu
ing from the introduction of oxygen vacancies.

In summary, cation-specific defect structures, respons
local strain, and atomic-scale collective rather than isola
behavior appear to be an important feature in CSZ that
not been addressed in currently proposed stabiliza
mechanisms.
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