PHYSICAL REVIEW B VOLUME 59, NUMBER 22 1 JUNE 1999-II

Defect structure of yttria-stabilized zirconia and its influence on the ionic conductivity
at elevated temperatures

J. P. Goff and W. Hayes
Oxford Physics, Clarendon Laboratory, Parks Road, Oxford, Oxfordshire, OX1 3PU, United Kingdom

S. Hull
ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, OX11 0QX, United Kingdom

M. T. Hutchings
National N.D.T. Centre, A.E.A. Technology Energy, E1 Culham, Abingdon, Oxfordshire, OX14 3DB, United Kingdom

K. N. Clausen
Condensed Matter Physics and Chemistry Department, Risg National Laboratory, DK-4000 Roskilde, Denmark
(Received 9 November 1998

The defect structure of cubic fluorite structured yttria-stabilized zirconia £4rQ(Y ,05), has been inves-
tigated over the composition range 0.10064<0.241(10) and temperaturd$K) up to 278010) K, using
single-crystal specimens. Analysis of neutron and x-ray diffraction data, including both Bragg and coherent
diffuse scattering components, has identified three principal types of defects within the fluorite lattice. At low
yttria concentrationsx< ~0.15) there are regions of the crystaP0 A in size which contain relatively few
oxygen vacancies, causing the lattice to undergo a slight tetragonal distortion of the type observed in the
tetragonal phase of (Zep, _,(Y03), atx<~0.09. The oxygen vacancies are preferentially arranged in pairs
on nearest-neighbor anion sites in ttELD) fluorite directions, with a cation located between them and
extensive relaxations of the surrounding nearest-neighbor cations and anions. As the yttria content increases,
these(111) vacancy pairs pack together {112 directions to form aggregates, whose short-range defect
structure resembles the long-range crystal structure of the ordered compoyfD4rand other anion-
deficient fluorite-related systems. The aggregates are typiedlly A in diameter, though both their size and
number density increase slightly with On increasing the temperature, these aggregates remain stable up to
close to the melting point. There is also an increasing number of single vacancigsldndacancy pairgwith
surrounding relaxation fieldlsas x increases, and these isolated clusters become mobile-at1000 K and
give rise to the high ionic conductivity of the material. In light of these observations, we propose that the
anomalous decrease in the ionic conductivity with increasgiiga consequence of the decreasing mobility of
the isolated defects, possibly due to blockage by the increasing number of static aggregates.
[S0163-182609)05621-0

. INTRODUCTION ions, but with two slightly different Z¥"-O?~ distances. Per-
A. Phase diagram and structure fect eightfold coordination is achieved &t-2643 K with a

. . . . . transformation to a cubic fluorite structured phéBezZrO,,
Stabilized zirconia ceramics have been the subject of ex- phe 2

tensive scientific research owing to the diverse technologicgzm?’_m (Ref. 4], followed by melting a}tT~2988 K. The
applications these materials find as fuel cells, oxygen ser@mbient temperature structure of yitria,%4, has space
sors, and artificial diamonds3 Despite this attention, a group 1a3 and can also be derived from that of fluorite by
number of questions remain to be resolved, including theemoval of 3 of the anioné. There are two six-fold-
temperature and concentration dependence of the structurabordinated, symmetry independent"y which have the an-
disorder and its interrelationship with the high ionic conduc-ion vacancies arranged along either a face diagonal or a body
tivity which underlies many of the industrial uses of thesediagonal. The only known ordered phase in the Z8QO,
systems. Zirconia-based ceramics can be formed by the adystem is Z5Y,0,,. This adopts a rhombohedral structure
dition of binary oxides such as CaO, MgO,,t, and Y03 which is also strongly related to that of fluorftehough a
to ZrO,, but Y,0; doping is particularly effective in produc- more detailed description of the cation environment is de-
ing high conductivities and is the most widely used. ferred until Sec. V. It is important to note that the published
Pure zirconia, ZrQ adopts the monoclinic baddelyite phase diagraf? represents the equilibrium states, derived
structurelM-ZrO,, space grouf?2,/c Ref. 4 under ambi- from samples annealed for considerable times or prepared by
ent conditions, with the Zf in a distorted seven-fold coor- coprecipitation methods. In practice, the cation mobility is
dination. On increasing the temperature, it transforms to aufficiently low that the high-temperature pha3esndF can
tetragonally distorted fluorite structuf@-ZrO,, P4,/nmc  be retained for indefinite periods in the metastable state at
(Ref. 5] at T~1370K, with Z** surrounded by eight an- ambient temperature. These so-called “yttria-stabilized zir-
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conias” (YSZ) are labeledM*, which is stable over the to model the microscopic diffusion mechanism within
range O0<x<~0.03, T* (~0.02<x<~0.09), and F*  (ZrO,);_,(Y,05).3>***3-52 Calculations using a simple
(~0.04<x<~0.3). model of a bound dopant-vacancy pair reproduce the peak in
o, but Hohnké&* showed that the rapid decreasednwith
increasingx within the F* phase can only be accounted for
by including a free-energy-like function describing the order-
The published literature concerning the structural propering of vacancies by long-range defect interactions. Similarly,
ties of stabilized zirconia ceramics is eXtenSive, and Only defect clusters formed by the aggrega’[ion of dopant cations
brief summary is given here. It is now well documentzed thatis form deep traps which immobilize vacancies have been
the effect of adding aliovalent cations such a$'CaMg®*,  shown to give a qualitative agreement with the observed con-
La®", and Y¥°* is to stabilize the high-temperature structureScentration dependenéé Furthermore, recent molecular dy-

of ZrO, at room temperaturésee Refs. 1 and E and rEfer- namics simulations suggest that both thenberandsizeof
ences therein The three metastable phades, T*, andF these clusters increases with increasing dopant cofitent.

are analogous to th#l, T, and F-phases, but with dopant From the above discussion it is clear that much of the

cations located substitutionally on‘Zrsites and a fraction I_published literature concerning the structural properties of

pf the oxygen sites vacant to retain overall electrical neutra s&abilized zirconias is conflicting, due principally to the stud-
ity. These metastable phases have prolonged stability, an . ) .
s being performed on samples of different dopant species

complete phase segregation requires prolonged annealiﬁ X .
P P greg q b 9 d concentration. To resolve some of these issues we have

at temperatures below-600 K. It is also well known ; d ) X p d diff
that neither the dopants nor the vacancies are randomly giferformed an extensive series of neutron and x-ray diffrac-

tributed throughout th&1* , T*, andF* lattices. Originally, tion investigations over a wide range of_do_pant (_:oncenftration
electron diffraction investigations suggested that the metalof the (ZrQy);,(Y203), system. Its principal aims arg)
stable phases in (Zi_,(CaO), contained coherent pre- 0 determine the structure of the defect clusters present
cipitates, typically~30 A in size, of ordered phases such Within the cubic stabilized phase of (2513 (Y;0s)x and
as ZQCaQ;.lo’ll However, numerous more recent x-ray andthelr strucf[.ural _relathnshlps to ordgred phases such as
neutron diffraction studies have shown that fe phase in Zr3Y 404, (ii) to mvesugatg the behav[or of these clusters at
stabilized zirconia systems contains only locally ordered re&lévated temperatures, afid) to combine the results df)
gions of vacancies and dopafts! The presence of these and _(||_) to e)gplam the observed v_arlatlon in the ionic con-
lattice defects causes extensive relaxations of the ions awd{PCtivity o with dopant concentration.
from their regular fluorite lattice sites, though the nature of
these displacements remains controversial. For example,
Welberry et al?* were able to successfully account for the
diffuse x-ray scattering measured from (Z)Q_,(Y-03)y In Sec. Il we describe the theoretical aspects of the tech-
with x=0.20 by allowing only the cations to move (@10 niques used in this work, deriving the expressions used in the
directions, with the extent of the relaxations dependensubsequent analysis of the experimental data. Neutron dif-
on their proximity to oxygen vacancies. Alternatively, fraction measurements have been employed to study both the
single-crystal neutron diffraction studies of severalBragg and coherent diffuse scattering from single-crystal
(ZrO,)1_(Y,05), systems by Argyriotet al?” showed the samples. X-ray diffuse scattering measurements are also pre-
anions to be displaced predominantly §801) directions sented. These complementary techniques exploit the particu-
from their lattice sites and, to a lesser extent, alsglihl) lar sensitivity of the neutrons and x rays to the locations of
directions. Other diffraction studies have also found evi-the anions and cations, respectively. The use of these two
dence for anion relaxations alon01),1*14 (111),'1 or  techniques thus provides a stringent test of the proposed
botht? and, in some cases, relaxations of cations alongtructural model. High-temperature studies of the quasielas-
(111).*2-14 Similarly, there is conflicting evidence concern- tic energy broadening of the neutron diffuse scattering are
ing the association between the dopant cations and thesed to probe the dynamics of the defects at high tempera-
charge compensating anion vacancies, with reports that theres. Details of the various experimental aspects of this
O?" vacancies are preferentially located near to eithework are presented in Sec. llI, followed by a description of
dopant?~3®or host cationg®~>° the experimental results in Sec. IV. While several neutron
Quasielastic light scattering studies showed that the highiffraction studies of stabilized zirconia ceramics have been
ionic conductivity o of stabilized zirconia at elevated presented in the literature recenilyee, for example Refs.
temperatures is due to the presence of highly mobile aniod8—22 and 25-28 in this work we present data collected
vacancied® On increasing the temperature, rises more over a much wider range of scattering vectors, for several
rapidly at temperatures above-1000-1200 K due to yttria concentration$0.100(4)<x<0.241(10) and over a
the breakup of vacancy clusters in the low-temperaturevide temperature ranggT(K)<2780(10) K. Section V
“associated regime” and the onset of dynamic behaviorcontains a discussion of the structural model for
of isolated vacanciel-**However, this simple picture is not (ZrO,);_,(Y,0s)4 derived in this work, including a com-
able to account for the dramatic variation @fwith dopant  parison with other stabilized zirconia ceramics and ordered
concentration(see Ref. 41 and references thejeiwhere anion-deficient fluorite-related phases. The implications of
there is a maximum ofr at x~0.08 and a rapid decrease the high-temperature results for the understanding of the
at higher concentrations. The explanation of this varia-igh ionic conductivity of yttria-stabilized zirconia are also
tion has provided a challenge to theoretical attemptgresented in Sec. V.

B. Summary of previous literature

C. Outline of paper
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Il. THEORY

)

D 1 —-iQR
. . . sP(Q)= > e R
The Van Hove coherent scattering functi®iQ,w) is N;iNoN¢ | %

2 [FPQP
related .by double_ Fourier Fransformsgo the tlme-dependen\;vhere there is a total dfl; clusters distributed over the sites
total pair correlation functionG(r,t).>® If one integrates

S(Q, ) over all energy transferse at constanQ, one ob- k at the position vectorR, . It is assumed that an aggregate

. i . . of clusters comprises only isolated defect clusters of the

e alc Slicle RSO Wih desrbes 1 4game type and oenaton. It clusters aggregate

. . ) ; . ’ : small groups, with each cluster positioned at regular intervals
elastic scattering which gives a time-averaged picture. In

. . $h the lattice, one might expect to observe superlattice peaks,
neutron experiment, by making measurements away from

; L . somewhat sharper iQ than the diffuse scattering from iso-
Bragg points and by means of energy analysis, it is IOOSSIbIFé\ted clusters. The full width at half maximuth of the su-
to separate the coherent diffuse component from the phonop';]erlattice peak then enables a typical aggregate &izi/A
scattering. Where the phonon scattering is small in compari,[—0 be estimated

son to the diffuse scattering, energy analysis is no longer If the defects which give rise to the coherent diffuse in-

required. Under these conditions diffuse x-ray Scatterlngtensity are static, then the neutron scattering will be elastic,

\évg:Ch measure$(Q), may also be used to study the disor- i.e., =0. However, if, for example, the defects become

In practice, it is not possible to Fourier transform the dif- mobile at an elevated temperature, there may be significant

fuse scattering data f@°(Q, ) to yield G°(r,t). Instead quasielastic energy broadening of the diffuse scattering. The

the data are usually interpreted in terms of a model of thes'pemral I|_ne shap_e @°(Q,w) versus energy transfer then

. ; . . contains information on the temporal nature of the correla-
disordered ions at assumed positions. The summation over e . X
. : . ions between diffusing ions and the surrounding distorted
ions may be converted to one over sites by defining the proq-

ability of occupation of each site in the crystal. For diffuse attice. In the simplest case, where the correlations decay

scattering we can calculate the coherent cross section fro@éﬁg?/ﬁﬂtfgz gv;tgea gﬁgigaéa‘ght?ﬁatspa“al and temporal
the occupation of sites relative to the ideal lattice. Thus a P '

model for a cluster of defective ions of type=nables us to 1°(Q,t)=1°(Q,0)e Y 7con, (4

calculate the diffuse structure factEP(Q) from o ] ] )
giving a Lorentzian scattering function

CWi(O) a—iO-1 sP(Q) 17
FP(Q)=> (pi—cpae WiQe QT (1) D _ coh
i — (P63 S°(Q ) wh (Uren)?t 02 ®
where the sitg located at is occupied with probability, As_ a result, measurements of the quasielastic energy broad-
(0 or 1) andc; is unity whenj coincides with a regular lattice €"'N9 of the coherent diffuse component can be used to study
site and zero elsewhera is the coherent scattering length the dynamics of the defects which give rise to the scattering.
for neutrons and the atomic form factor for x rays at the site

j, and the Debye-Waller factor is given byw, . EXPERIMENTAL PROCEDURE

f=Bt,-Q2/16772, where B; is the isotropic thermal vibration A. Sample preparation

actor. _ _
Depending on the relative values af, the two types of The single-crystal samples of (33 _(Y203)x used in

scattering can thus be used to highlight different aspects dfis work were grown in a cold crucible using direct radio
the disorder. Owing to the similarity in both scattering frequency heating. Most of the crystals were provided by J.
lengths and form factors, it is difficult to distinguish betweenF- Wenckus of the Ceres Corporation, but the two samples
the Z** and ¥3* ions, and therefore we model the system inWith the highest dopant concentratigr=0.221(9) andx
terms of an anion and “average” catidisubsequently la- = 0-241(10) were kindly loaned by J. D. Cummins of the
beledM). However, x-rays are more sensitive to the cationgJniversity of Bath. The compositions determined using
than the anions, while the scattering of neutrons from anion§hemical analysis by A. G. Morton of UKAEA Harwell
and cations is of similar magnitude. Laboratory are listed in Table I. For convenience, Table |
If there is no correlation between the positions of the clusincludes both the yttria contentin (Zr0,); ,(Y203)x and
ters, the scattering arising from each cluster is summed incdhe total oxygen content in (Zr,Y)O,, where z=(2
herently. All possible orientations and configurations of thetX)/(1+Xx). The samples were aligned and then cut ultra-
clusters may be expected with equal probability, and the cosonically into cylinders with th¢ 110] crystallographic di-

herent scattering per defective ion is given by rection along the axis. In order to minimize the effects of
extinction, relatively small 2-mm-diam samples were used
1 No for Bragg diffraction measurements. Larger, typically 15-
SD(Q):WE IFP(Q)|2, (2) mm-diam samples were used to study the much weaker
|

quasielastic diffuse scattering. The samples for studies at el-

evated temperatures were encapsulated inside either molyb-
whereN; is the number of defective anions in the cluster anddenum or tungsten cans, sealed under vacuum using electron
N, is the number of possible orientations of the cluster. Atbeam welding techniques, and then mounted inside specially
higher defect concentrations, the effects of correlations bedesigned high-temperature furnaces, constructed of materials
tween clusters need to be taken into account, so that with low incoherent and absorption cross sections. The
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TABLE |. Nominal yttria content of the (Zrg;_,(Y,0z)« stored as a two-dimensional array with thandy axes cor-
samples used in this work, together with that measured by chemicabsponding to th¢hh0] and[00] reciprocal space direc-
analysis(x) and the total & content(2). It is straightforward to tions, respectively. The ranges coveredrgndl were 0.0—
show thaz=(2+x)/(1+Xx). 8.0 and 0.0-10.0, respectively, both stored in steps of 0.1
reciprocal lattice units.

Nominal : Measured Oxygen content Studies of the quasielastic diffuse neutron scattering from
mol % Y,0; X in (ZrOy)/ (Y 203)y zin (Zr,Y)O, . . -
crystals with a wide range of were performed at ambient
9 0.10G4) 1.9104) temperature and at elevated temperatures using triple-axis
12 0.1265) 1.8885) spectrometers at UKAEA Harwell Laboratory, Risg National
15 0.1586) 1.8646) Laboratory, and the Institut Laue-Langevin. If the coherent
18 0.1847) 1.8456) diffuse scattering is elastic or has quasielastic broadening
21 0.2219) 1.8197) well within the instrumental energy resoluti¢as is the case
24 0.24110) 1.8068) at room temperatujethe intensity contours will b&°(Q).

Neutrons of fixed incident energids=14.4 or 34.0 meV

. were selected using monochromator crystals, since they pro-
sample chambers were heated under dynamic vacuum, aRgHe adequate coverage of the scattering plane and resolution

the temperatures were monitored and controlled usingor these measurements, and they allow higher-order con-

tungsten/rhenium thermocouples. tamination to be minimized using a pyrolitic graphite filter.
Analyzer crystals were employed in order to reduce the
B. Neutrons background level and to discriminate against phonon scatter-

The defect structures of (ZED_,(Y,0s), samples with ing. The scattered elas_tic intensity was measured on a fine
x=0.100(4) andk=0.184(7) were investigated in detail at mesh of points in the (10) plane with increments iQ of
ambient temperature using the single-crystal diffractometef.1 reciprocal lattice units. The high resolution required to
(SXD) at the ISIS Spallation Neutron SoureThis instru-  investigate the energy broadening at elevated temperatures
ment is a time-of-flight Laue diffractometer which exploits entails the use of “cold” moderated neutrons. A fixed inci-
the pulsed nature of the incident flux and uses a large are@ent energy ofE;=5.0meV was used, and in this case
position-sensitive detectdPSD) to measure large volumes higher-order contamination was suppressed using a beryl-
of reciprocal space at each crystal setting. The Bragg diffrachium filter. Scans of energy transfer were performed at sev-
tion and diffuse scattering measurements were performedral fixed values of) in the (110) plane in order to probe
with the same experimental configuration. The PSD has athe dynamic nature of the disorder. The observed spectral
active area of 80mi80mm with each pixel having line shapes could be fitted only by a combination of the
5 mmX5 mm spatial resolution. At its distance of 0.25 m, the Lorentzian function in Eq(5) with the Gaussian instrumen-
detector subtends an angular range of some<xZ° at the  tal energy resolution function, together with a linear back-
sample. All measurements were performed with the centrajround level. The elastic component contains contributions
pixel at 20=90° and in the horizontal scattering plane. Thedue to the incoherent scattering from the sample container
crystals were rotated in steps of 22.5°, and the intensities aind furnace.
neutrons in the wavelength range 0.48&A<8.63 A were In order to compare a shapshot of the dynamic disorder at
recorded using the time-of-flight technique. Adequate countelevated temperature with the static disorder at room tem-
ing statistics for the Bragg diffraction and diffuse scatteringperature, it is necessary to meas®§ Q) over a compa-
measurements were collected after 2 and 10 h countingable mesh in reciprocal space. However, it would be an
times, respectively. extremely time-consuming procedure to measure the spectral

A total of ~180 Bragg reflections were measured, out to dine shape at each value € and then integrate over the
maximum Q~18.5A 1. Intensities were extracted using energy transfer to giv&°(Q). An attempt was made to ap-
standard procedures and normalized to remove the waveroximate this by measuring the scattering intensity at a
length dependence of the incident neutron fitiThis pro-  small, nonzero value of energy transfer of 0.50 meV. The
cess uses the intensity measured from a polycrystalline vantensity thus measured is related38(Q), but since it as-
nadium sample (which scatters neutrons incoherently sumes that the energy width is independenQoft provides
measured with the same experimental configuration. Followenly a qualitative measurement.
ing the application of wavelength-dependent extinction and
reflectivity corrections, a total of~70 independent Bragg
intensities was obtained by averaging over equivalent reflec- C. X rays

tions. The x-ray measurements were performed at the Clarendon

Preliminary investigations of the distribution of coherent Laboratory, Oxford, using a Huber diffractometer and
elastic diffuse scattering indicated that the intensity lies prex |, radié\tion fron,1 a Stoe rotating anode source operating
dominantly in the (10) plane of reciprocal space, corre- at 6 kw. In order to reduce the unwanted background, the
sponding to scattering approximately in the horizontal plangnstrument was used in the triple-axis configuration. Using
Of the detector. The t|me'0f'ﬂ|ght SpeCtra fOI’ the horizontalﬂat pyro'y“c graphite Crysta|s for the monochromator and
pixels were normalized using the same vanadium samplgnalyzer, the resolution in the scattering plane was approxi-
procedure discussed above. The normalized diffuse intensigyately 0.01 AX. The resolution perpendicular to this was
was mapped onto the (D) plane of reciprocal space and determined by slits to be about 0.1 A
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The observed x-ray intensity®®5(Q) may be related to distortion fields. The contour plots in Fig. 1 show distinctive

the scattering function by structural features which evolve with increasing vacancy
concentration. For the=0.100(4) sample, the most striking
198%Q)=CPASQ)+D, (6) features are the broadened peaks centred at the “forbidden”

(odd, odd, evenpositions(112) and(114); see Fig. 1a). As

the dopant concentration is increased, these wegKays.

1(a)—1(c)] so that for systems witlk>~0.16 their intensity

is negligible[Figs. d)—1(f)]. The diffuse features elsewhere
ecome stronger and sharper with increasing yttria concen-

whereC is a constantP is the polarization correctiorh is
the absorption correction, arid is the “dark” background
determined with the shutter closed. The radiation emergin

from the rotating anode is assumed to be unpolarizedPand ==~ : . : 4 .
takes account of the partial polarization of the beam by thdration. It is possible to index the strongest diffuse maxima
with a superlattice displacemeqgt= =(0.4,0.4;-0.8) from

three reflecting crystals. Assuming that the crystals are ide .
ally mosaic, the regular Bragg reflections. However, some of the super-

lattice peaks are found to be much weaker than others so
that they do not appear in the diffuse scattering intensity
p— 1+cos @y cos Pscos Py (7)  Maps. This variation in intensity is determined by the defect
1+ cos &y ’ structure factolF°(Q) [see Eq.(1)]. The out-of-plane dif-
fuse elastic scattering intensity was measured for
where®,,, &g, andd , refer to the scattering angles of the (Zr0,);_,(Y,03), with x=0.126(5) using a triple-axis
monochromator, sample, and analyser, respectively. When spectrometer with a tilting detector. This composition exhib-
rays are scattered off a flat plate with negligible transmissionits all of the features observed in the other sampies Fig.

the absorption correction is given by 1(c)]. Only weak features are observed in #i®0 plane,
and these are found to be parts of the large peaks centered in
. sin¥ the (110) plane. The diffuse scattering intensity is thus
A T=pl 1t Sm(q,—s_q,) ' €S) modulated in three dimensions in reciprocal space. However,

the most intense features are centered in trﬁ)olplane and

where u is the linear absorption coefficient anHl is the ~ We consider only this plane of reciprocal space in attempting

angle between the incident beam and the plate. to understand the origins of the coherent diffuse scattering.
The measurements are performed in reflection geometriirst, we establish the time-averaged structures of the sample

because of the high absorption of x rays by the sample, andith x=0.1847).

therefore access is limited to<O¥ <®dg. Furthermore, Eq.

(8) shows that the absorption correction is high over a large B. Sample (ZrO )1 _,(Y,03), with x=0.1847)

region close to¥? =dg and a smaller region near ¥5=0.

This is a significant problem when trying to measure the

already weak diffuse scattering. Thus, in order to achieve Several sites within the fluorite lattice which may be oc-

adequate coverage of the plane for comparison with the scatupied by cations and anions have been considered in the

tering function of Eq.(3) and the neutron scattering results, analysis of the Bragg scattering data. These are taken from

measurements must be performed with the surface normal jprevious work on anion deficient fluorite systéﬁT§7 and

several crystallographic orientations. are illustrated in Fig. 2. A number of models for the average
For a cylindrical sample full access to the plane normal testructure of (Zr@);_(Y.0s)x have been derivedabeled

the axis is available. A large cylinder was cut ultrasonicallyl-V), based on different occupancies of the sites, and their

from the same single-crystal boule »f0.184(7) material reliability assessed by least-squares fitting to the experimen-

used for the neutron measurements, With0] along the tal data for the squared structure fack,, The principal
axis. The diameter was chosen to be latg@ mm) com-  criterion used in choosing appropriate models uses the
pared to the width of the beafd mm), so that providedr ~ weightedR-factor parameteR,,, given by

was not too close to 0 obg, the flat plate absorption cor-

1. Neutron Bragg scattering

rection of Eq.(8) would be adequate. The large absorption N (F%, —F?2 C)z N (F2 S)z
corrections at lowQ and the maximum scattering angles RZ=> — %= / > 5. (9)
attainable limit the measurements to the range<Z¥<6.0 =1 (oFgp =1 (0F G

reciprocal lattice units.
The summations are made over tRemeasured reflections

IV. RESULTS used in the fit. The expectel factor Ry, is given by

A. Neutron diffuse scattering survey

_ . 2 o (Fond?
The coherent diffuse neutron scattering measured for all Rexp=(N—P) > (10)
i=1

2 \2
compositions in the (1Q) plane at room temperature is pre- (7F b3
sented in Fig. 1. The scattering is found to be static within
instrumental energy resolutidifull width at half maximum  WhereP is the number of fitted parametef,.is the square
(FWHM)=3.5meV]. The fact that the scattering is highly of the calculated Bragg structure factors, anB2, is the
anisotropic rules out the possibility that the anion vacanciesstimated standard deviation &d,; The statistical signifi-

are distributed randomly over lattice sites with negligible cance of any improvements R,, produced by the introduc-
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x=0.100(4) x=0.184(7)

Lin [hhl]
Lin [hhI]

1 2 1 2
@) hin [hhl] d) hin [hhi]
x=0.126(5) x=0.221(9)

lin [hhl]

1 2 1 2
(b) hin [hhi] ©) hin [hh]
x=0.158(6) x=0.241(10)

Nl

1 2 1 2
() h in [hhl] ) hin [hhI]

FIG. 1. Distribution of coherent diffuse elastic scatteri®(Q) in the (lTO) plane of reciprocal space &t=300K collected from
samples with(a) x=0.10q04), (b) x=0.125), (c) x=0.1586), (d) x=0.1847), (e) x=0.2219), and(f) x=0.241(10).

tion of additional fitted parameters has been assessed usimgiomalously short interionic distan¢esnd the thermal vi-
the test proposed by HamiltGA.An additional constraint bration parameterB z vy andBy. The latter aspect has re-
was placed on results of the fitting procedure requiring thatently been addressed by Argyrfdwho used powder neu-
the derived parameters have physically realistic values, printron diffraction measurements of a (ZJQ_.(Y,03)
cipally with respect to the positional parametdi®., no  sample withx=0.10 as a function of temperature to separate
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[11] In models Illa and lllb, we therefore introduce additional
- occupancy variablesio ;) andmg s corresponding to 4&)
sites at £,2,w), etc., withw~0.30 and 32{) sites at(y,y,y)
with y~0.30, respectively. At this stage we also impose the
requirement of chemical neutrality by constraint of the total
anion content to equal the value determined from the known
Y,05; content [i.e., Mg(q)+ Moyt Moz=2=(2+x)/(1
+x)]. Both models produce an improvementRy,, though
only in the case of model llla does the occupancy differ from
zero by an amount outside its estimated standard deviation.
Attempts to include both @) and (3) sites simultan-
M1 000 @ T . [100] eously proved_ unstable due to excessive Correlation§ bgt_ween
M4(0,0,v) the occupancies, and we conclude that the only significant
evidence is for slight anion displacements(b01) direc-
tions. All the fits discussed so far give excessively high val-
ues for Bz v, in the range 1-2 A and so in line with
FIG. 2. Schematic diagram of a portion of the fluorite lattice previous studie$’'* we now consider cation relaxations.
illustrating the positions proposed to be occupied by anions and hese attemptémodel 1V) prove more conclusive than the
cations withinF* phasegRefs. 12—1Yand used in the analysis of anion case, with clear indications of displacement$lihl)
the Bragg diffraction data from (Zr; _,(Y,03), samples withx directions in model IVa which also reduc&,y, signifi-
=0.100(4) anck=0.1847). cantly, to values~0.5 A% There is no evidence fa{001)
shifts in model Vb, which produces only minimal decrease
. - coet ) ’ in R, and is somewhat unstable due to the essentially unde-
vibration (B™*™ and static disorderB*®"). At ambient tarmined positional parameter
temperature the true va;lues E?,ryn;al andBG*™ are found The final model(V) for the disordered structure includes
to be ~0.3 and~0.6 A%, respectively, close to the values poth the anion displacements {801) and cation displace-
observed in pure fluorite structured oxides and in the baddgnents in(111), derived from models Illa and 1Va, respec-
lyite structured pure Zre) As a consequence, any measuredtjyely. In common with models Il and 1V, model Va im-
values forB .y, andBg significantly larger than these val- poses the constraint that the thermal vibrations of the relaxed
ues Suggest that the structural model used in the analysléns be equa' to those of the lattice IME! BM(B): BM(l)
does not completely describe the true disordered structure.gng Bo)=Bo()- As shown in Table II, the simultaneous
Model | is the simplest description of the average strucqnclusion of displacements of both ionic species further re-
ture of (ZrGy), —(Y203) and uses the perfect fluorite lattice gucesR,,, close to the expected vallR,,,. Attempts to
with full occupancy of both anions in 4f sites at(0,0,0,  allow the relaxed and lattice ions to have different thermal
etc., and cations in & sites at(3,3,3), etc. The variable yibration parameters in model Vb proved unsuccessful, with
parameters in the fit are the scale fackand the isotropic  ynstable minimisation oR,, due to excessive correlations

thermal vibration parametei8z,y) andBo. As might be  petween the variables. The final fitted parameters are listed in
expected, this physically unrealistic model gives a relativelyTaple |II.

poor fit to the data, and in addition anomalously large values
for bothB(z vy andBg (>1 A2?) are obtained. The structural
consequences of the addition of aliovalent” Ycations are
introduced in model II, with charge compensation producing The coherent diffuse neutron scattering intensity from the
cation interstitials(lla) or anion vacanciegllb). In the  (ZrO,);_,(Y,03), sample withx=0.184(7) in the (10)
former, extra cations are placed in the centers of the emptglane of reciprocal space is presented in Fi@).3lt is im-
anion cubes in 4f) sites at(3,3,3), etc., and an additional portant to note that these data are measured on the SXD
parameter if;,) allows the occupancy of the interstitial site time-of-flight diffractometer? which has the advantage of a

to vary freely. This produces no significant improvement inlarge coverage of reciprocal space, but the disadvantage of
the fit and a negligibly small value fany,. In contrast, a no energy discrimination. However, the similarity between
considerable reduction iR, is observed with model llb, the data shown in Fig.(d and those measure@ver a
where the occupancy of the lattice anion sitdJqmg;)) is  smaller Q range using the same sample on a triple-axis
varied. However, the oxygen content obtain¢thoi)y  spectrometer withv=0 confirms that the scattering is pre-
=1.818(6) is somewhat lower than that expected on thedominantly elastic in nature.

basis of the known YO; concentration$z=1.845(6) forx In regions of reciprocal space away from the regular fluo-
=0.1847); seeTable I], suggesting additional relaxations rite Bragg reflections, two types of diffuse scattering are ob-
of the surrounding anions away from the regular lattice sitesserved. First, there are regions of intensity which are rather
This possibility is considered in more detail in model Ill.  broad in Q, such as the scattering in the vicinity @

As discussed in Sec. |, previous studies of~(1.7,1.7,1.0). These suggest the presence of rather small
(Zr0,)1_,(Y,05), and (ZrQ),_,(CaO), using both neutron defect clusters. Second, there are somewhat narrower super-
and x-ray diffraction have provided contradictory support forlattice peaks displaced by~ *=(0.4,0.40.8) from the
two additional G~ sites which correspond to slight displace- fluorite Bragg reflections. The width i@ of the superlattice
ments of the lattice anions in tB01) and(111) directions. peaks corresponds to a correlation length for the extended

. Lattice cation site (M1)
& Interstitial cation site (M2)
[0 Relaxed cation sites (M3,M4)

@ Lattice anion site (O1)

B Relaxed anion sites (02,03) <1>v12 (A2.12.172)

02(1/4,1/4,w)

the contributions to the measur&lvalues due to thermal

2. Neutron diffuse scattering
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TABLE II. Summary of the fits to the Bragg diffraction data from (Z)@_,(Y,03), samples withx
=0.100(4) andk=0.184(7) using the models |-{see text The weightedR factorR, is defined in Eq(9)
and the expecteR factor Re, in Eqg. (10).

Model Description R, (%)
x=0.100(4) x=0.184(7)

| Regular fluorite 2.87 2.48
lla As model I, including cation interstitials 2.85 2.48
Ib As model |, including anion vacancies 2.43 2.22
llla As lIb but with anions relaxed ig001) 2.29 2.02

llib As llb but with anions relaxed iq111) 2.37 2.15
IVa As llIb but with cations relaxed i§111) 2.17 1.74
Vb As llb but with cations relaxed i001) 2.42 2.19

Va Anions relaxed i 001) + cations in(111) 2.01 1.44

Vb As Va but independent thermal parameters 2.00 1.40
ExpectedR factor Rexp (%0) 1.79 1.21

defects of approximately 15 A. There is not, therefore, segenveloping structure factor from the individual divacancy

regation into microdomains of regular ordered phases, suctluster is large enough.

as pure fluorite and/or 2Y,0;, Instead, the superlattice The calculated coherent diffuse neutron scattering inten-

peaks are ascribed to intercluster correlations from ag9resity SP(Q) in the (110) plane using this defect model is

gates of smaller defect clusters arranged in a regular a”aypresented in Fig. ®) for comparison with the experimental
In the regular fluorite structure, the anion sites are tetrag 114 in Fig. 8a). The structure factor was calculated using

. . 4 . .
theid(rjaltl)y C(lerdlrrat?d??y catlonrs]. When''Zrions atre substi- Egs.(1) and(3) for the divacancy modéFig. 4(b)] with the
uted by aflovaten Ions, charge-compensating oxygen positional parameters determined by neutron Bragg diffrac-

vacancies are required. Figure@)and 4b) depict two pos- tion (Table Ill). Attempts to vary the positional parameters

sible defect cluster models, comprising oxygen vacancies . . . .
and their associated relaxation fields. The simplest defecf?vealed that those abtained using neutron diffraction were

cluster, based on an isolated oxygen vacancy, is shown iplose to the optimum values for the diffuse scattering. To

Fig. 4a), and the divacancy defect cluster, which comprised€Produce the falloff in intensity with increasig the value

a pair of oxygen vacancies separated(by,}) across a cat- ©f the anion thermal vibration parametBp,) used in the
ion, is shown in Fig. ®). It is assumed in each of these calculation of the diffuse scattering was slightly higher than
models that nearest-neighbor oxygen ions relax towards théat obtained from the Bragg diffraction data. This is prob-
vacancies along001) directions and that nearest-neighbor ably a consequence of the greater sensitivity of the diffuse
cations relax away from the vacancies al@hgjl) directions,  Scattering to the displaced aniof®(2)], recalling that its
following the results of the Bragg diffraction data discussedthermal vibration parameter needed to be constrained to be
in the previous section. The divacancy defect clusters can bequal to that of @L) in the analysis presented in Sec. IVB 1.
packed together separated Ky,—3,1) fluorite vectors in  Superlattice peaks with the correct width@nwere obtained
such a manner that the clusters fill space, and only the centraking Eq.(3) with an aggregate of divacancy clusters situ-
cations and oxygen vacancy pairs are situated on regulated atR,=(1,—3,%), etc., within a radius of 10 A and
fluorite sites. A small aggregate of divacancy clusters packedomprising some 15 clusters. The correlations within the ag-
in this way will produce scattering displaced hy= gregate which produce scattering at the regular fluorite
+(0.4,0.4;+0.8) from all Bragg points, provided that the Bragg positions are correlated with the host lattice over

TABLE Ill. Summary of the fitted parameters obtained from the analysis of the Bragg diffraction data
from (Zr0,) (Y ,03), samples withx=0.100(4) and=0.184(7) using model Va.

Parameter Symbol x=0.100(4) x=0.184(7)
Scale factor S 0.15227) 0.17176)
Cation thermal parameter Bum(1y=Bmz) (A?) 0.245) 0.327)
Lattice cation occupancy My (1) 0.71(8) 0.557)
Relaxed cation occupancy My (3) 0.298) 0.457)
Relaxed cation position uin (u,u,u 0.0282) 0.0312)
Anion thermal parameter Bo1)=Bogz) (A% 0.61(4) 0.553)
Lattice anion occupancy Moy 1.21) 0.81)
Relaxed anion occupancy Moy2) 0.7(2) 1.02)

Relaxed anion position win (3,3 w) 0.2942) 0.2912)
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Neutron data x=0.184(7

Relaxed cation (M3)
<111> away from Oa
vacancy (V)

Anion vacancy (V) O

Regular site anion (Ol).

Relaxed anion (02) .
<001> towards
vacancy (V)

(a)

lin [hhl]

Latiice cation M1) ()

Relaxed cation (M3)
<111> away from
vacancy (V)

2 4 6
(a) hin [hhI] ®

Neutron calculation x=0.184 T
10 . : : -

Anion vacancy (V)

O
. Regular site anion (O1)
]

Relaxed anion (02,
— % <80al)ft02::/]211?:lls )
= vacancy (V)
= (b)
g
Tetrahedrally [
V) distorted anion (O2)
i ) Lattice cation (M1) .
2 4 6 8
(b) hin [hhl] (©)

FIG. 4. Schematic diagrams showing the defect structurés) of
an isolated single vacancy with associated relaxations of nearest-
neighbor anions and cationdy) a cation-centered vacancy pair in
(111) with surrounding anion and cation relaxations, &y the
tetragonal distortion of the fluorite cubic lattice due to alternate
displacements of anions {{®01) directions.

FIG. 3. (a) Distribution of coherent diffuse neutron elastic scat-
tering S°(Q) in the (110) plane of reciprocal space &it=300 K
collected from the sample witk=0.184(7) compared witkb) the
calculated distribution 08°(Q) obtained using the model for the
disordered structure described in the text.

much longer range. Thus the broad features at the Brag@ying is the assumption that all the ions within the defect

points in Fig. $b) arise as a consequence of the finite size Of|sters have exactly the same displacements. It is possible

the aggregate and are in this case an artificial result of thg,o¢ 5 cluster in the center of an aggregate may have different

caIcuIatlo_n. m an attempt to reprodgce some of the bf})ade(relaxation fields than those closer to the edge of the aggre-

features in Fig. @), particularly the intensity in the region gate o in isolated clusters. Furthermore?Zand Y3+ have

Q~(1.7,1.7,1.0), the scattering from isolated divacancy clusgitferent ionic radii, and the anion displacements are likely

ters calculated using E¢2) was added mcoherently. Unfor- 4 depend upon the number and positions of neighboring

tunately, the presence of the superlatice peaksQat gopant cations. These effects give rise to further static disor-

=(1.6,16,12) anc(ll.6,1'.6,0.$ makes it difficult to decide ger which is difficult to model, and given the simplicity of

whether this scattering is associated with single-vacancy ohe model, we conclude that the calculation agrees rather

divacancy clustergFig. 4). This question will be addressed \yg|| with the experimental data.

further in Sec. IV D 1. Additional, more complex models for

the aggregates were also considered, including the effects of 3. X-ray diffuse scattering

a distribution of different aggregate sizes and asymmetric _

aggregates. However, none of these approaches gave signifi- The x-ray scattering intensity in the (0} plane mea-

cant improvements in the agreement between the calculatiosured from the (Zr§,;_,(Y,03)x sample with x

and measured data. =0.184(7) is shown in Fig.(®). The dark backgrouniD in
There are clearly some discrepancies between the calcleg. (6)] has been subtracted, but most of the remaining back-

lation in Fig. 3b) and the experiment in Fig.(8. One ground was found to originate from the sample. Thus the

source of error in the calculation of the coherent diffuse scatwhole of the remaining scattering has been corrected by the
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X-ray data x=0.184(7) plane is presented in Fig.(y. Once again, there are

: : : : some minor discrepancies between the calculation and mea-
sured x-ray data[Fig. 5a)], but overall the agreement

is rather good. In particular, the x-ray structure factor suc-
cessfully accounts for the changes in the intensity at
Q~(0.6,0.6,4.2) and(1.4,1.4,3.8 and the emergence of
peaks neaQ~(0.4,0.4,5.2) and3.4,3.4,0.2 This test using

a complementary radiation confirms the defect model pro-
posed in the previous section.

lin [hhAl]

C. Sample(ZrO ) 1_,(Y,035)4 with x=0.1004)
1. Neutron Bragg scattering

The Bragg scattering data from the (Z)Q_,(Y,03)y

[ sample withx=0.100(4) were analyzed using the same pro-
2 3 4 cedure employed for the&=0.184(7) composition(Sec.

(@) h in [hhl] IVB1), and lengthy details are not reproduced here. The

values ofR,, obtained in fits of models 1-V are shown in

Table I, and overall the conclusions are broadly the same as

for thex=0.184(7) sample. There is evidence for the relax-

ation of anions i001) and cations if111) directions, with

the final fitted parameters using model Va listed in Table 1Il.

The thermal vibration and positional parameters measured

for the x=0.100(4) andx=0.184(7) samples agree within

the estimated standard deviations, though the number of re-

laxed anions ifig2)) is somewhat lower in the former.

X-ray calculation x=0.184

lin [hhl]

2. Neutron diffuse scattering

The coherent diffuse neutron scattering intensity mea-

sured in the (10) plane from the (Zr§);_,(Y,03), sample

with x=0.100(4) is presented in Fig(&. There are marked

qualitative differences between these data and those obtained
2 3 under identical conditions from the=0.184(7) sample in

(b) hin [hhl] Fig. 3(@. As remarked in Sec. IV A, strong peaks are ob-

served at reciprocal lattice positions forbidden by Fme3m
symmetry of the fluorite structure. These extra peaks are ob-
served forh odd and even, but not foh even and odd. The
widths in Q are broader than those of the fluorite Bragg
peaks and correspond to distorted regions of the lattice of
size roughly 20 A. The scattering at the superlattice positions
] o . is relatively weak, and the remaining scattering away from
absorption and polarization factors in E(8) and(8). Mea-  reciprocal lattice points is generally broad@n This obser-
surements of the intensities of equivalent positionsQat vation is, therefore, indicative of isolated defect clusters
Eq. (8) is adequate to obtain a reliable qualitative picture of(zr0,), _,(Y,0,), with x=0.1847).

the distribution of diffuse scattering. The Bragg peaks are The above “forbidden” reflections have also been ob-
tering contours, and these are seen to differ markedly fromz,0,), _(Y,05), with x=0.09° These peaks were associ-
the neutron data from the same composition in Fi@).3 ated with a tetragonal distortion arising from small
neutron results are particularly noticeable in the vicinity ofty scattering at the requirettforbidden”) reciprocal lat-
Q~(1,1,4). The majority of the x-ray intensity in this region tice points, with the optimum valué=0.0441)% This

is concentrated &~ (0.6,0.6,3.8) and0.6,0.6,4.2, whereas  yajye agrees well with that obtained by analysis of the regu-
the neutron intensity is large foQ~(0.6,0.6,3.8) and |ar Bragg scattering from our=0.100(4) samplésee Table
(1.4,1.4,3.8 and small forQ~(0.6,0.6,4.2). ).

The diffuse x-ray scattering intensity has been calcu- |n order to calculate the coherent diffuse scattering inten-
lated using the appropriate form factors and the same defegfty from tetragonally distorted regions of the lattice, the an-
model used for the diffuse neutron scattering dgscribeqion defect cluster in Fig. @) is used in Eq.(1), with the
in Sec. IVB 2. The calculated contour pattern in the Q11 regular fluorite lattice vectors taken By in Eqg. (3). Aggre-

FIG. 5. (a) Distribution of coherent diffuse x-ray scattering
SP(Q) in the (110) plane of reciprocal space &t 300 K collected
from the sample witbk=0.184(7) compared witth) the calculated
distribution of S°(Q) obtained using the model for the disordered
structure described in the text.
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associated relaxations of the surrounding anions and cations,
and (iii) aggregates of vacancy pair clusters with their sur-
rounding relaxation fields packed together and separated by
(1,—3.3) lattice vectors. The relative concentration of each
defect depends strongly on the yttria contgnbut at least

two types of defect coexist in any sample. By performing
simulations of the diffuse scattering from each defect type in
turn, it is possible to identify those regions of reciprocal
space where the diffuse intensity is dominated by one type of
defect. For the three defect types listed above, these positions
are, respectively(i) the integer(hkl) positions withh andk

odd andl even,(ii) the region around)=(1.7,1.7,1), and

(iii) close to the most intense(0.4,0.4;-0.8) superlattice
peaks which occur aQ=(1.4,1.4,1.8),(1.6,1.6,0.8 and
(1.6,1.6,1.2 However, it should be emphasized that these
scattering features are rather broad and there are relatively
few positions inQ space whereall the measured diffuse
scattering arises from one defect type alone.

To investigate the interrelationship between the structural
properties of (Zr@)_4(Y»03), and the behavior of its ionic
conductivity, it is clearly necessary to perform experiments
at elevated temperatures. Such measurements have been
made using ax=0.126(5) sample, since this composition
contains measurable quantities of all three types of defect.
Contour plots of the data collected @t-293, 1553, and
1803 K are illustrated in Figs.(@—7(c), respectively, and
show rather marked changes in the distribution of diffuse
intensity. Overall, there is a reduction in the intensity due to
the increase in the Debye-Waller factor, but in particular we
note that the superlattice peaks @t (1.6,1.6,0.8) and
(~1.6,1.6,1.2 become more pronounced, while the broad
region of scattering a®~(1.7,1.7,1) disappears. However,

2 4 6 8 it is important to note that the measured intensity is propor-
®) hin [hhi] tional to [ 7°S(Q,w)dw and the integration limitste are
o ) ) determined by the instrumental resolution function dn

FIG. 6. (@ Distribution of coherent diffuse neutron elastic scat- \, hich in this case is a Gaussian distribution of full width at
tering SP(Q) in the (110) plane of reciprocal space @&t=300 K half maximum 0.237 meV centered ai=0.0 meV. On a
collected from the sample with=0.100(4) compared witth) the .5 tionary note, it must be stressed that the observed
calculated distribution 08°(Q) obtained using the model for the changes in the diffuse pattern could result from either
disordered structure described in the text changes in the defect structure and/or dynamic behavior of

. . A the defects causing quasielastic energy broadening of the dif-
gates of these clusters with a width of roughly 20 A repro-fse scattering such that some intensity occurs at energy

duced _the observed _Width i@ of the forbidden peaks. Thg transfer valuediw outside the measuring “window” deter-
scattering from the divacancy defect cluster model describef,inaq by the Gaussian resolution function of the instrument.

in Sec. IVB2 was also calculated and added incoherentlyyq yesoive this question it is necessary to perform quasielas-
However, in this case the scattering was strongly weighteg scans of the energy transfer
I .

towards isolated defect clusters, and the relaxations use
were those obtained in Sec. IV B 1 from the neutron diffrac- . ) )

tion results for (ZrQ);_,(Y,03), with x=0.1847). The 2. Quasielastic neutron scattering

resultant calculated scattering intensity shown in Fib) &, The quasielastic scans were performed at eight different
once again, in reasonably good agreement with the experb positions within the (10) plane. These were chosen to

mental data in Fig. @). probe the dynamic nature of the three types of defect and
avoid Bragg lines from the furnace components and spurious
D. Sample(ZrO,);_4(Y,03), with x=0.1265) peaks due to higher-order contamination X{2 radiation.
TheseQ positions are summarized in Table IV.
At room temperature the quasielastic scans aQatiosi-
In the previous sections we have identified three types ofions were successfully fitted using a single Gaussian com-
defect present in yttria-stabilized cubic zirconia. Thesdiare ponent of instrumental resolution width, indicating that all
a localized tetragonal distortion of the cubic fluorite lattice inthe defects are essentially statice., 7>10 °sec). How-
relatively vacancy free regions of the crysidl) small defect ever, at higher temperatures it proved necessary to include a
clusters comprising a single vacancy or vacancy pair withsecond peak with a Lorentzian profile convolved with the

lin [Ahl]

Lin [hhl]

1. Neutron diffuse scattering
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x=0.126(5), T=300K Q=(1.4,1.4,1.8) the diffuse scattering remains predomi-

nantly Gaussian in character. The results of the fitting of the
1.4+ quasielastic scattering data are given in Table V, which lists
the Gaussian intensity at 293 Kd,93), followed by its
temperature dependence given as the scaled Gaussian
L2 (Ic/1G 203K @and Lorentzianl( /1 293 ) intensities and the
Lorentzian width (FWHM) at the three temperatures stud-

] ied. First, it is clear from Table V that the high-temperature
behavior is significantly different for each of the three dif-
fuse features listed in Table IV. This supports our earlier

0.8 assumption that the diffuse scattering in the different regions
of Q space arises from three different types of lattice defect.
The Gaussian component of the quasielastic scattering due to

0.6 X ) .
the tetragonally distorted regions of the crystal decreases in

14 15 16 17 18 19 intensity very rapidly, which we attribute to dynamic fluc-
@ ’ h in [hhi] ' ' tuations between tetragonal and cubic symmetry. This may
be caused by diffusion of isolated vacancies and/or vacancy

x=0.126(5), T=1553K pairs through the tetragonally distorted region, a fact con-
firmed by the significant Lorentzian component to the scat-
tering arising from these defects. In contrast, it appears that
the aggregates of vacancy pairs remain predominantly static
up to the highest temperature measured. Indeed, subsequent
measurements t6=2780(10) K, albeit with slightly poorer
resolution (FWHM=0.90meV) confirmed that this state-
ment remains true up to very close to the melting point.
The implications of these observations for the conductivity
mechanism in (ZrQ,_,(Y-,03), will be discussed in
Sec. VB.

Having established that the diffuse scattering arising from
the vacancy pair aggregates remains essentially elastic in na-
ture, it is possible to separate the scattering contributions due
to the aggregates and the smaller, dynamic units. By per-
] Y [hh}]-7 18 19 forming measurements at a fixed energy offset outside the

elastic measuring “window,” it is possible to estimate Qe

variation of the scattering due to the mobile defects without
this being masked by the intense superlattice peaks and, as a
result, establish whether the mobile units are predominantly
single vacancies or divacancies. Figufe)$hows the results
of such a scan @ w=0.50 meV. Figures ®) and 9c) show
the diffuse scattering calculated from an isolated single va-
cancy and a vacancy pair, respectively, including their asso-
ciated inward relaxations of anions {{©01) and outward
relaxations of cations ifll11). The displacements of the ions
are taken to be the same as those derived in the room tem-
perature model. While it is necessary to be cautious in inter-
preting measurements of this type, because they implicitly
assume that the width of the Lorentzian component does not
vary significantly withQ, the good agreement between Figs.
/ 9(a) and 9c) provides strong evidence that the dominant

14 1.5 1. 1.7 1.8 1.9 mobile species at high temperatures is isolated anion va-
() h in [hhl] cancy pairs.

lin [hhl]

e £
i £

Lin [hI]

I
0

0.61

x=0.126(5), T=1803K

lin [hhl]

I
%

FIG. 7. (a) Distribution of coherent diffuse neutron elastic scat-
tering S°(Q) in the (110) plane of reciprocal space collected from
the sample withx=0.12§5). Data are shown &&) T=300K, (b) It is clear that the behavior of the*Y-doped system dis-
T=1553K, and(c) T=1803K. cussed above is rather different from the other widely studied

case (ZrQ);_,(CaO),. While the diffuse scattering due to
instrumental Gaussian function of the type discussed irthe lattef! is qualitatively similar to that observed here, it
Sec. Il. Typical plots are shown in Fig. 8. It is clear that shows no variation with concentration over the range 0.04
at Q=(1.05,1.05,1.95) and(1.7,1.7,1.0 the Lorentzian =<x=<0.20?' does not change significantly on increasing
component is significant at high temperature, whereas gemperature, and shows no evidence of quasielastic

V. DISCUSSION
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TABLE IV. Summary of theQ positions in reciprocal space used for the high-temperature quasielastic neutron scattering investigations
of the dynamics of the three types of disorder present in the )ZrX'Y,0;), sample withx=0.12§5).

Q Diffuse feature Defect type

(1.05,1.05,1.96 Broad peak at “forbidden(odd, odd, even Tetragonal distortion of the cubic lattice in
fluorite lattice position relatively vacancy-free regions of the crystal

(1.75,1.75,1.0 Broad intensity betwee®=(1.6,1.6,0.8) Isolated vacancy pairs with relaxations

(1.7,2.7,1.1% andQ=(1.6,1.6,1.4) superlattice peaks of surrounding anions and cations

(1,4,1.4,1.7y Superlattice peaks located @t (0.4,0.4;:0.8) Aggregates of vacancy pairs

(1.3,1.3,1.7 from the fluorite lattice positions and their associated relaxed surrounding ions.

1.41.4,17

(1.6,1.6,1.3

(1.45,1.45,1.%

broadening? As might be expected, this suggests a profoundsample are difficult because the valuevoincludes a con-
difference in the conduction mechanism, and as a consdribution from the relaxed anions surrounding the vacancy
guence, references to previously published work will be reclusters and the most relevant value is that used to calculate

stricted to the (Zr@);_,(Y,03), system. the diffuse scatteringw=0.044. In the high-temperature
pure material, a value of 0.065 has been repaotietijle for
A. Defect clusters a mixed-phaseT* +F*) sample withx=0.03 the value is
0.04361).%°

Our observation of anion displacements(D01) direc-
tions and cation displacements(ihl 1) directions is in agree-
ment with some previous studi&s;**?’but in disagreement
with others!®?® The differences probably result from diffi-
culties in extracting reliable structural information from such

compounds containing extensive lattice disorder. In particu 01) directions® The cubic symmetry is retained, but the
lar, excessive correlations between the fitted thermal an ' ’

. - X ss of the face center symmetry operation leads to space
static displacement parameters can occur during least-

squares fitting, especially if only limited data sets are avail-9"oupP P43m. However, for space group43m, all (hk)

able. In support of our results, we recall that the measure-

Recent convergent beam electron diffraction studies of
Zr0,-9.9 mol % Y,05; samples proposed that the presence of
additional reflections at “forbidden’{odd, odd, evenfluo-
rite positions such a®=(1,1,2) and(1,1,9 results from
collective displacements of the anions(hll) rather than

ments were performed up to high values@fand the ionic 15000 F ' ' Q—(1I4 L4l 7;)_
displacements account satisfactorily fmoth the Bragg and | (a T=300K
diffuse scattering components. In the following subsections, 10000 | |
we discuss the structural and dynamical properties of the
(ZrOy) 1 _4(Y203), system and the relationship between the 5000 - |
defect cluster geometries and crystal structures of the phases =
present in the binary phase diagram. § 0 I+ e —
_ _ 2 w000 | Q=(1.4,14,1.77) |
1. Tetragonally distorted regions % (b) T=1803K

The tetragonally distorted regions observed in this work )
are a representation of the “internal deformation waves” £ 2000 | 1
observed by Fabeet al1® in anx=0.09 sample as displace- 8
ments of the anion sublattice {901 directions. They can g
clearly be identified with the metastable tetragonal phase = 0= ] .
T*-ZrO, which occurs at dopant levels less than0.09 and . 3000 ¢ © (Tl: %.(;/35,12.75,1) i
the isostructural phase observed in pure ZirGthe tempera- 2000 |
ture range from~1370 to~2643 K. These tetragonal phases
adopt space group4,/nmcwith lattice parametera;,; and 1000 i
Ciet Which correspond t@g,qrie/v2 and agyorie- IN the con-
ventional setting, with the inversion center at the origin, the 0 e
(Zr,Y) are in 2@) sites at(,3,2) and (3,3,2) and the O in 2 -1 0 1 2
4(d) sites at %!%120)! (%!%1%—’_20)! (%!%!_20)1 and Energy transfer (meV)

3 31 H H H
i,3,2—20). The displacement of the anions from their G g Energy scans at consta@t through the quasielastic

“ideal” fluorite positions atzo= 3 is then equivalent to the giffuse scattering from the=0.126(5) sample. The experimental

displacement of the anions K001 directions,w, in Sec.  data are fitted by a combination of a resolution-limited Gaussian
IV A. However, direct comparison of the values using thepeak, a broadened Lorentzian component convolved with the
Bragg results presented in Table Il for oM~0.100(4)  Gaussian resolution function, and a linear background contribution.
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TABLE V. Temperature variation of the intensity of the Gaussikg) @nd Lorentzian | ) components of the quasielastic energy scans
and the width of the Lorentzian component (FWHWVat T=293, 1173, 1553, and 1803 K.

293 K 1173 K FWHM_ 1553 K FWHM_ 1803 K FWHM_
Q lg2osk lelloooak ILllg2esk (MeV)  lgllgoosk Ii/lgaesk  (MeEV)  lgllgoozk IL/lgoesk  (MEV)

(1.05,1.05,1.95 12238) 0.3614) 0.1446) 0.624) 0.10§7) 0.2336) 0.701) 0.0499) 0.2568) 0.991)
(1.75,1.75,1.p  23937) 0.6053) 0.1095 0.312) 0.2104) 0.2696) 0.443) 0.10718) 0.3058) 0.462)
(1.7,1.7,1.15  21999) 0.6194) 0.1035 0.382) 0.2725 0.2247) 0.524) 0.1317) 0.2568) 0.563)
(1.4,1.4,1.77  18739) 0.7584) 0.0986) 0.454) 0.4245) 0.1635 0.483) 0.2588) 0.2016) 0.664)
(1.3,1.3,1.7 12027) 0.7014) 0.12X5) 0.625) 0.4085) 0.2136) 0.504) 0.2758) 0.2257) 0.744)
(1.4,1.4,1.7 17596) 0.8125) 0.0925) 0.444) 0.4546) 0.1516) 0.483) 0.3019) 0.1747) 0.674)
(1.6,1.6,1.3 17336) 0.7974) 0.0865) 0.547) 0.4455) 0.1447) 0.624) 0.2898) 0.1676) 0.744)
(145,1.4515 13956) 0.8075 0.0876) 0.454) 0.5146) 0.1366) 0.604) 0.3588) 0.1687) 0.623)

reflections are allowed and calculations of the diffuse scatpacking of these units, giving overall;,O,, stoichiometry.
tering from the proposed defect cluster generate a number @&s a result, the most relevant ordered phase to consider is
broad peaks with significant intensity at positions such agr,yY,0,,. This compound has been shown to adopt the
Q~(5,5,0). With reference to Fig.(8), no peak is observed rhombohedral & phase [first identified in the

at this position and our neutron diffraction studies do not(Zroz)l_X(SOZ%)X system(Ref. 60] with space groufiR3.
support this structural model. As illustrated in Fig. 10, the structure of Zf,0,, is derived
_ _ from that of fluorite”® The ordering of the vacancy pairs
2. Divacancy pairs leads to two different cation sites, one sixfold and one sev-

The second type of defect cluster discussed previously ignfold coordinated. These can be equated toMi{¢) and
the cation-centered vacancy pair alongLa1) fluorite direc-  M(2) cation positions found in the defect clustéFsg. 2.
tion, with its associated relaxations of the surrounding aniond he hexagonal cell constants are related to those of fluorite
and cations. It is now widely accepted that thesgD) va- by a, .= \/gaﬂuome and Cpex=V3af0re and the positional
cancy pairs are a general structural motif in ordered anionparameters by
deficient fluorite related superstructufe€-®4The inclusion
of these vacancy pairs and their surrounding relaxation field 1

> 1 _3 .
replaces anM-,0,, fragment of the fluorite lattice with Xhex 23 K 2 | [ Xfluorite
M(1);M(2)sO(2);,V,, whereM(1) is the central cation, Yhex| = —3 2 1 [| Yiuorite | .
M(2) are the relaxed nearest-neighbor cation&) @re the Zhex 1 1 1 Ziuorite

relaxed nearest-neighbor anions andienotes an anion va- N )

cancy. This process makes one of the cubic threefold axe&/€ may, therefore, transpose the positions of the anions and
unique, and as might then be expected, many of the orderég@tions within the _defects into this hgxagona! setting and

phases adopt rhombohedral space groups sucR3asnd compare these with the corresponding positions in the
R3. At stoichiometries close tMO,, these units are isolated Zr3Y40;, structure using the values obtained by x-ray

[i-e., y-ZrsS¢045 (Ref. 60], but increased numbers of va- ;ecci:r:)r;:? useu§ .A;rﬁrr:ov(\;zrlr;l]' abéit?gﬁ t(r)]fe Zest\glr?esst?trjitﬂqragﬁz(lja-
cancies are accommodated by the formation of inﬁnitetionshi, beg\?veen%he defe?:gt] cluster aggre atges and the long-
strings of vacancy pairs in compounds such as n e-grdered compound g9reg 9
5-2r35¢0,5,°  ®-CaHf,0,5,52 ®&,-CazZy0.,** and 9 ompound. .

63 So far, the discussion has not addressed the question of
@,-CaHf 140,447 Indeed, theC-type structure of the end 47,03+ ... . ;

. . r**/Y=" cation ordering and whether these two species are

member %O, can be considered as an interwoven array oiz

(111) vacancy pair string%,le@ing to two different cation randomly distributed over thil (1) andM(2) sites. Experi-

] ) a3 A henst dv of mentally, in this work and the previous x-ray and neutron
environments in space grolps. A comprehensive study of - | iad12-16jt hag ot proved possible to distinguish between
fluorite related anion-deficient compounds using powder

. . ) the host and dopant cations due to the relative similarity of
x-ray diffraction techniques has been repofteaind the o scattering powers for % and Y** for both types of
nearest-neighbor anions are found to relax towards the v

; A : Lo Fadiation. In principle, extended x-ray absorption fine struc-
cancies by~0.3 A in approximately thel00 directions and ;-6 (EXAFS) spectroscopy is a powerful technique to probe
the nearest-neighbor cations relax away-b§.2 A in close

> X the individual coordination polyhedra surrounding each cat-
to (111) directions of the fluorite supercell. The extent of jo, ghecies, but the published studies to date are contradic-

these relaxations and their general directions are, thereforf\Ory with opposing evidence for the vacancies being prefer-

close to the distances found in this work. entially associated with the hd8t®*and dopanf—>8cations.

Intuitively, one might expect the central catipkl(1)] to be
Y3*, since this corresponds to one of the cation environ-
The final type of defect to be considered is the aggregatenents observed in pure,®,.° However, an extensive study
clusters formed by packing thd,0;,V, structural motifs in  of M,0;,type phase® indicated that, in those cases where
(112 directions. This process leads to the closest possibleation ordering is observed, it is the smallenore highly

3. Vacancy pair aggregates
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x=0.126(5), T=1803K, Energy=0.5meV
5"
=
g
0.4 038 12 18
() hin [hAl]
Calculation: single vacancy cluster
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_1.61
=
=
g
T1.2]
0.8
0.4 0.8 12 1.6
(b) hin [hhAl]
Calculation: isolated divacancy cluster
2
1.6
=
-~
=
g
121
0.81
0.4 0.8 12 16
() hin [hhl)

FIG. 9. (a) Distribution of coherent diffuse neutron scattering

SP(Q,w) in the (110) plane of reciprocal space collected from the
sample withx=0.126(5) aff = 1803 K with a fixed energy transfer
hw=0.50meV. This is compared wittb) the calculated distribu-
tion of SP(Q) for an isolated single vacancy arfd) an isolated
divacancy pair, both with surrounding relaxations of the surround-
ing anions and cations as illustrated in Fig&)4and 4b), respec-

tively.

Q|e® @
o0 ]e°
o le°lllo

() (b

FIG. 10. Schematic diagram of the structurda&ffluorite struc-
tured pure ZrQ@ and (b) the ordered compound £f,0,, (Ref. 7)
illustrating their structural similarity. The larger dark spheres are
Zr** /Y3 and the smaller dark spheres ar& OThe lighter spheres
in (b) represent anions sites that are empty igYZ0,.

chargedl species that adopts sixfold coordination. For ex-
ample, taking the anion displacement parameter0.041
(Table 11l) and the ionic radius of & to be 1.40 A the
cavity around theM (1) site can accommodate a cation of
maximum radius 0.75 A. The relative sizes of*Zr(r
=0.82A) and ¥ (r=0.96 A) (Ref. 65 suggests that the
former is more likely to be situated dvi(1) sites, with local
charge neutrality maintained by filling tHd (2) sites with
both Z#* and Y*" in the ratio 1:2. Further support for this
assignment is provided by the x-ray diffraction studies of the
system Z§Yb,0;,,%" because the ionic radii of % (r
=0.96A) and YB" (r=0.93A) (Ref. 65 are relatively
similar, but the scattering contrast between host and dopant
cation is increased. The cations are randomly distributed
over theM(1) andM(2) sites at high temperature, but on

TABLE VI. Comparison of the lattice coordinates of the various
ionic species within the divacancy cluster aggregate, Nh®©,,
fragment observed in the ordered compoung¥Z0,, (Ref. 7), and
the ideal fluorite lattice.

Divacancy M-;0O,,  Fluorite

lon aggregate fragment lattice
Central catiof M (1)] X 0 0 0
y 0 0 0
z 0 0 0
Anion vacancy V) X % % %
y i i i
z i i
Relaxed catiofM(2)]  x 0.544 0.522 :
y 0.544 0.531 :
z —0.044 —0.010 0
Relaxed aniodO(2)] X : 0.226 :
y : 0.255 3
z 0.710 0.7148 3
Relaxed aniofO(2")]  x 3 0.244 3
y 3 0.252 3
z -0210 -0.189 -
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< ' o ' tensities atQ=(0.6,0.6,3.8) shown in Fig. 1f) increase

£ 15 (8) Aggregate size . with dopant concentration, showing that more clusters are

5 r Q=060638) present in the aggregates. However, the increase in intensity

£ 10 i 1 with x is considerably smaller than would be expected if all

% st ] the extra charge-compensating vacancies were part of large

£ aggregates. Figure (d shows the intensity atQ

2 0 : : : : : =(1.7,1.7,1) as a function of composition. This broad scat-

% 800 | (D) Superlattice intensity i tering arises primarily from smaller defect clusters, and the

2 o | 5000039 ] fact that this increases with dopant concentration demon-

s strates that the number of isolated defect clusters also in-

2400 T i creases.

g 200 | .

= 0 ——t—— : ; : B. Dynamics

5 g00 | () Diffuse intensity 1 The composition dependence of the ionic conductivity of

e 600 F Q=(1717.10 ] yttria-stabilized zirconia may be understood in terms of the

8 model of the disorder developed above. For dopant concen-

g 400 1 ] trations x<~0.10, the charge-compensating vacancies are

g 200 | T accommodated in isolated divacancy clusters. The quasielas-

=0 ! L L - tic energy broadening of the diffuse neutron scattering at

005 010 015 020 025 elevated temperature demonstrates that these defects become

Yttria content, x mobile and are able to contribute to the superionic conduc-

o _ . ) tivity. In this regime the increasing dopant concentration pro-
FIG. 11. Variation of(a) the approximate size of the divacancy qyces a larger number of charge carriers and the conductivity
aggregate clustergh) the intensity of the diffuse superlattice peak rises. However, above this concentration the number of de-
atQ=(O.6,0.6,3.8)f an(tlc)_ the intens_ity of the diffuse scattering at fect clusters increases to balance the charge of ﬂTeiOthS,
Q=(1.7,1.7,1.0) with yttria contentin (Zr02)1-x(Y20s)x- but we have shown that some of these clusters are incorpo-
rated into larger vacancy pair aggregates. The diffuse neu-
cooling Zf** become concentrated on tié(1) site with  tron scattering at the superlattice positions does not broaden
little or no occupancy by Y857 in energy transfer at high temperature, showing that this dis-
It is of interest to note that the structural similarities be-order is static and vacancies trapped within the aggregates do
tween the defects and ordered compounds observed in thit contribute significantly to the ionic conductivity. In
anion-deficient fluorite compound (ZsQ_(Y,03)x are  simple terms, the bulk ionic conductivity may be suppressed
mirrored by the anion-excess fluorites. For example, the depy two mechanisms. First, an increasing number &f @a-
fects observed in (CaJ, _«(YF3)« can be described as frag- cancies are trapped inside the large aggregates, and this re-
ments of the structure of G&' sF,3.%° Clearly, detailed struc-  duces the number of mobile species. Second, the aggregate
tural studies of anion-deficient and anion-excess systems aregions are increasing in size, which may block the passage
required to establish whether this is a general feature of fluoef isolated clusters, so that the mobility of the charge carriers
rite related compounds. decreases. We have shown in the previous section that the
diffuse scattering from the isolated defect clusters increases
with dopant concentration, and so, despite trapping some of
4. Size of aggregates the vacancies in large aggregates, the number of mobile de-

. . fects is increasing witkx. Thus it appears that the blockin
We now return to the diffuse scattering data collected g pp 9

I : mechanism is responsible for the observed reduction in the
OVer arange of concentratloﬁélgs._J(a)—ll(e)] a.”d consu_jer superionic conductivity in (Zr§),_,(Y,03), with increas-
the variation of the defect properties with yttria contgnn ; :

; ; R ) ing yttria content.

more detail. The diffuse neutron scattering intensity has been
placed on an absolute scale by reference to the observed
intensities of phonon excitations, and scans of wave-vector
transfer in thg hhO] direction through the superlattice scat-
tering atQ=(0.6,0.6,3.8) have been fitted to Lorentzian pro- The crystal structure of the anion-deficient fluorite
files. The widths of these peaks are related to the size of th€zrO,),_,(Y,03) is extremely complex, containing three
divacancy aggregategsee Sec. )| and the correlation distinct types of defect cluster and showing considerable
lengthsé are plotted as a function of 05 concentratiorxin -~ variation as a function of dopant concentration and tempera-
Fig. 11(a). At the lowest concentration the size is comparableture. The detailed information concerning the lattice disorder
to that of an isolated divacancy cluster. However, the correprovided by this work highlights the need to perform both
lation length is found to increase in proportion to the dopant-ray and neutron diffraction investigations to probe the lo-
concentration. This shows that the vacancy pair aggregatesations of both cation and anion species and illustrates the
increase in size, in agreement with the predictions of recenimportance of coherent diffuse scattering studies to deter-
molecular dynamics simulatioi81n addition, the intensities mine the defect geometries. Only by detaildtime-
of the superlattice peaks depend upon the number of divasonsuming studies over wide composition and temperature
cancy clusters incorporated in aggregates. The integrated imanges can the true nature of these defects be proposed and

VI. CONCLUSIONS
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tested against experimental data and the interaction betwedect cluster models which can be tested against experimental
structure and ionic conductivity established. Neverthelesgjata.

the lattice defects show strong structural relationships to the
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