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Nature and strength of defect interactions in cubic stabilized zirconia

A. Bogicevic and C. Wolverton
Scientific Research Laboratories, Ford Motor Company, Dearborn, Michigan 48124

~Received 12 July 2002; published 17 January 2003!

The intrinsic ordering tendencies that limit ionic conduction in doped zirconia electrolytes are fully eluci-
dated using first-principles calculations. A detailed analysis of nearly 300 yttria- and scandia-stabilized cubic-
zirconia-ordered vacancy compounds reveals a delicate balance between competing elastic and electrostatic
interactions. These results explain several outstanding experimental observations and provide substantial in-
sight needed for improving ionic conduction and enabling low-temperature operation of zirconia-based elec-
trolytes. We show that the surprising^111& vacancy ordering in dilute solid solutions is a consequence of
repulsive electrostatic and attractive elastic interactions that balance at third-neighbor vacancy separations. In
contrast, repulsive elastic vacancy-dopant interactions prevail over electrostatic attraction at all probed defect
separations in YSZ and lead to very weak ordering preferences in ScSZ. The total electronic contribution to the
defect interactions is shown to be strongly dominated by simple point-charge electrostatics, leaving speciation
of defect ordering for a given class of aliovalent dopants to the elastic term. Thus, ion size becomes a critical
parameter in controlling the ionic conductivity of doped oxide electrolytes.

DOI: 10.1103/PhysRevB.67.024106 PACS number~s!: 64.60.Cn, 81.30.Dz, 61.18.2j, 71.15.Mb
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I. INTRODUCTION

Zirconia-based ceramics are found in a remarkable var
of technological and commercial applications, e.g., therm
barrier coatings, gas sensors, catalyst washcoats, solid o
fuel cells, and even fashion jewelry. This impressive ver
tility originates from the creation of atomic defects in th
zirconia crystal. As certain aliovalent~nonisovalent! oxides
are added to ZrO2, substitutional cations are charge balanc
by the formation of anion vacancies. These defects and t
mutual interactions dramatically affect the structural, th
mal, mechanical, and electrical properties of zirconia. P
haps the most conspicuous example comes from the m
orders of magnitude increase in the ionic conductivity
zirconia upon aliovalent doping, facilitated by the diffusio
of oxygen vacancies.1,2

Because ionic transport in this class of materials is t
directly to atomic defects, it automatically follows that an
interactions among these are prone to affect the ionic c
ductivity. The severity of defect interactions is best illu
trated by the exponential decay in ionic conductivity beyo
some critical oxide composition, despite an increasing nu
ber of charge carrying vacancies. Defect interactions are
believed to be the primary source of two highly unwelcom
limitations of zirconia-based~and other! electrolytes:~i! a
sharp drop-off in ionic conductivity beyond a relatively lo
level of aliovalent doping~typically 8–12 mol %! and ~ii ! a
remarkable sensitivity of the ionic conductivity to the the
mal history of the electrolyte and accompanying fluctuatio
in oxide composition.1–3

Despite these overwhelming effects on ionic conduct
and other microscopic properties of zirconia ceramics~and
related materials classes!, there is currently no ZrO2-based
oxide system where the origin and strength of defect in
actions are completely known. Weak scattering contrast
other experimental difficulties together with the compu
tional demands of sufficiently accurate theoretical model
have both contributed to this situation.4,5 For example, even
0163-1829/2003/67~2!/024106~13!/$20.00 67 0241
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for the most well-utilized and well-studied zirconia ceram
yttria-stabilized zirconia~YSZ!, there is an abundance o
contradictory experimental reports of whether oxygen vac
cies prefer to bind to dopant (Y31) ~Refs. 6–11! or host
(Zr41) ~Refs. 12–16! cations. Existing physical models hav
proved of limited value, insofar as often being in mutu
disagreement, remaining unverified and failing to expla
variations due to the chemical identity of the dopant.4,5

First-principles studies have recently proved helpful
unraveling some of these complex defect interactions.4,5,17–19

By analyzing the energetic preferences of various orde
doped zirconia compounds, the intrinsic defect ordering t
dencies can be established. In previous studies, we found
there are opposing forces at play for vacancy-dop
interactions5 and that dopant size has a strong effect on
fect ordering.4 Still, several important issues like vacanc
vacancy and dopant-dopant ordering remain poorly und
stood. An important goal of this study is to establish the
defect ordering preferences and relate them to ionic cond
tivity.

Knowing how defects interact in stabilized zirconia is in
strumental to understanding its ionic conductivity and oth
materials properties. In the following, we therefore exam
these interactions in detail. In addition, we are concern
with the generality of these results, i.e., how well they tra
fer to other doped zirconia compounds and even other ox
electrolytes. As we will show, there are both great simila
ties and striking differences between yttria- and scand
stabilized zirconia~ScSZ! alone. Knowingwhydefects inter-
act the way they do provides insight that can be used
assess such questions of transferability and even help g
rational design. Thus, the principal focus of this paper is
identify the origin of the computed defect ordering tende
cies.

In this paper, we present a first-principles study of t
nature and strength of defect interactions in yttria- a
scandia-stabilized zirconia. A detailed analysis of a la
number of ordered vacancy compounds, coupled with str
©2003 The American Physical Society06-1
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gic interaction decompositions and separate electrosta
calculations, provides several important new results reg
ing the defect chemistry in doped zirconia.

~i! The nature and magnitude of intrinsic vacancy
vacancy, vacancy-dopant, and dopant-dopant interaction
all thoroughly elucidated and related to the observed sh
range order in solid solutions and long-range order in co
pounds. The magnitude of the interactions decays
vacancy-vacancy.vacancy-dopant@dopant-dopant.

~ii ! Defect ordering preferences are without except
shown to arise from a competition between electrost
~dopant independent! and elastic~highly dopant dependent!
defect interactions.20 The best way to minimize vacancy
dopant association deleterious to ionic conduction is
choose dopants which induce a finite strain that counter
the electrostatically driven ordering, i.e., not to strive f
zero strain.

~iii ! It is safe to use the term electrostatics because
prove that the complex quantum-mechanical electronic in
actions are comprised predominantly of simple class
point-charge electrostatic Coulomb interactions when ela
interactions are treated separately.

~iv! The experimentally observed vacancy ordering in
lute solutions as well as ordered compounds is explaine
terms of a balance between competing vacancy interacti

~v! The complete crystal structures of experimentally o
served ordered compounds are established~e.g., thed andg
phases of ScSZ! and shown to be fully consistent with de
duced defect ordering tendencies. This includes the n
trivial result that the two orderedd phases of YSZ and ScS
differ in crystal structure due to variations in the elastic te
of vacancy-dopant interactions.

~vi! Variations in ionic conduction due to dopant spec
are traced back primarily to ion size-induced differences
the elastic part of vacancy-dopant interactions.

~vii ! Said results are proved valid for a wide range
dopant concentrations~at least within 14–40 mol %!.

The paper is organized as follows: Section II describ
our theoretical approach, while Sec. III is devoted to
crystal structure and types of defect interactions on the fl
rite lattice. In Sec. IV, we present our results for the nat
and strength of vacancy-vacancy, vacancy-dopant,
dopant-dopant interactions, and in Sec. V we report on po
charge electrostatics calculations. In Sec. VI we disc
long-range order and the predictions of new ordered Y
and ScSZ compounds, while Sec. VII formulates our conc
sions. Finally, the Appendix contains some salient techn
results.

II. THEORETICAL APPROACH

Our electronic-structure calculations are based on den
functional theory~DFT!,21,22 with core-valence electron in
teractions represented by ultrasoft Vanderb
pseudopotentials,23 as implemented in the highly efficien
VASP code.24 We expand the one-electron wave functions in
plane-wave basis with an energy cutoff of 29 Ry, keep
semicore electrons in the valence for all cations. For
exchange-correlation functional, we use the PW91 imp
02410
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mentation of the generalized gradient approximat
~GGA!.25 Technical details about the use of the local dens
approximation~LDA !26 and pseudopotential variations a
described in Ref. 4. We solve the Kohn-Sham equations
eratively and optimize all atomic positions, cell shape, a
cell volume using a conjugate gradient algorithm until r
sidual atomic forces are less than 0.03 eV/Å . The Brillou
zone sampling24 is performed using increasingly more den
Monkhorst-Packk-point meshes, until absolute convergen
is achieved~to <1 meV/unit cell!. In most cases, a (434
34) k-point mesh is sufficient and forms the basis for
results except the large cell Zr10M4O26 calculations where a
(23232) k-point mesh is used. To enhance convergen
with respect to Brillouin zone sampling, we employ a Fer
smearing of the electronic occupancy with a fictitious ele
tronic temperature of 0.2 eV and then extrapolate to z
temperature. In certain structures where the band gap t
out to be substantially decreased, a smaller smearing w
of 0.1 eV is used to reduce the electronic entropy below
meV/ion. All calculations employ primitive unit cells, whic
entail 11–40 atoms per cell.

III. FLUORITE LATTICE

Pure zirconia crystallizes in three different structures,
pending on the temperature. For a discussion of the mo
clinic and tetragonal polymorphs of ZrO2, we refer the
reader to Ref. 4 and references therein. The cubic fluo
phase is thermodynamically stable only above about 2
K.16 The substitution of lower-valent cations for tetravale
Zr ions results in the creation of charge compensating an
vacancies. For trivalent dopants like Y and Sc, one oxyg
ion is removed for every two dopant cations introduced in
the zirconia lattice. The most pronounced crystallograp
effect upon aliovalent doping is the effective stabilization
the tetragonal and cubic phases towards lower temperatu
The easy transport of oxygen ions via anion vacancy dif
sion in these phases is directly responsible for the consi
able increase in ionic conductivity upon aliovalent doping

The stabilized cubic phase of ZrO2 poses an interesting
multifaceted ordering problem. The fluorite structure cons
of two sublattices: an fcc sublattice, hosting Zr and dop
cations, and a simple cubic sublattice, hosting oxygen i
and oxygen vacancies~denotedh). This dual sublattice ge-
ometry leads to three distinct forms of intrasublattice a
intersublattice interactions~see Fig. 1!:

~1! cation/cation interactions on the cation sublattice

~Zr/Zr, M /Zr,M /M !,

~2! anion/anion interactions on the anion sublattice

~O/O,h/O,h/h !,

~3! cation/anion interactions between the sublattices

~Zr/O,M /O,Zr/h,M /h !,

whereM denotes the aliovalent cation dopant~Y or Sc here!.
Each of these three interactions may be either of ‘‘order
type’’ ~association of unlike species, e.g., Y andh) or ‘‘clus-
6-2
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NATURE AND STRENGTH OF DEFECT INTERACTIONS . . . PHYSICAL REVIEW B 67, 024106 ~2003!
tering type’’ ~association of like species! and depends on th
separation shell, i.e., nearest neighbor, next nearest neig
etc.!. In addition, these three interactions, and thereby a
the ordering tendencies, tend to be highly coupled, und
scoring the complexity inherent in this seemingly simple s
tem. Although it makes good sense to initially focus on p
interactions, a complete description must in principle a
take into account many-body interactions.

In this study, we investigate the origin and strength
defect ordering tendencies in stabilized zirconia~SZ! via the
energetic dependence of the total cation and anion confi
ration, as calculated from first principles. The comple
ranges of compositions studied~with the mole fractions of
yttria/scandia,x) are

Zr6Y2O15 and Zr6Sc2O15 ~x50.14!,

Zr10Y4O26 and Zr10Sc4O26 ~x50.17!,

Zr4Y2O11 and Zr4Sc2O11 ~x50.20!,

Zr2Y2O7 and Zr2Sc2O7 ~x50.33!,

Zr3Y4O12 and Zr3Sc4O12 ~x50.40!.

Once the cation configurations are specified, all poss
symmetrically distinct anion ordering possibilities are en
merated using advanced lattice algebra techniques devel
for Ising-model studies of alloys.27 The full details of this
procedure are described in a previous study,4 which also re-
ports some of our early YSZ results. The defect order
preferences are measured by energetic preferences. By
bining ZrO2 andM2O3 (M5Y or Sc here! with mole frac-

FIG. 1. Schematic illustration of the fluorite lattice, showin
how it can be viewed as coupled fcc cation and simple cubic~sc!
anion sublattices. The anions are small for clarity~though they are
actually larger than the cations!. In the case of cubic-stabilized zir
conia, the fcc sublattice hosts Zr41 and dopant~e.g., Y31 or Sc31)
cations, while the sc sublattice hosts O22 ions and their vacancies
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tions 12x andx, respectively, one obtains anMSZ stoichi-
ometry given by Zr12xM2xO21x . The formation enthalpy of
this MSZ compound is then given by the~zero-pressure!
energy difference between theMSZ compound and the
composition-weighted average of its constituent oxides~cu-
bic ZrO2 and bixbyite28 M2O3):

DH5E@Zr12xM2xO21x#2@~12x!E~ZrO2!1xE~M2O3!#.

A negative formation enthalpy indicates the stability at 0
of the compound relative to phase separation into the c
stituent oxides, whereas a positive formation enthalpy in
cates that phase separation is preferred in the absenc
entropic effects at finite temperatures. Although our calcu
tions are for zero temperature~i.e., no entropic effects are
included!, they allow us to uncover the generic ordering te
dencies that exist in these systems.

Figures 2 and 3 show the DFT-GGA-computed formati
enthalpies for an ensemble of YSZ and ScSZ compound
five different dopant concentrations. A discussion about
relative energies of these compounds and their implicati
for long-range order is presented in Sec. V. A few things c
be noted immediately though. First of all, it is clear fro
Figs. 2 and 3 that within any given stoichiometry, there is
large scatter in formation enthalpies depending on the
tailed cation1anion configuration. The span of this scatt
gives a first indication of the energetic magnitude of t
combined defect ordering. Second, in several cases, the
mation enthalpy span crosses theDH50 line, indicating that
the detailed ordering can qualitatively determine whether
not formation is energetically preferable. Finally, there a
obvious similarities as well as qualitative differences b
tween the energies of YSZ and ScSZ which are nota priori
understood. We explain these differences below.

IV. DEFECT INTERACTIONS

To better assess the questions of how defects interac
zirconia and what causes them to do so, we separate
defect interactions into elastic and electronic contributio
We perform this separation by evaluating all SZ structures
two different manners, with two distinctly different energ
scales. In the first case, the atoms are kept in their id
fluorite positions by freezing out ionic relaxations, and t
defects are thus prohibited from interacting elastically.
make energetic evaluations meaningful, all ordered co
pounds within any given crystal structure and composit
are made using the same volume and cell shape. The c
puted formation energies of these restrained cells are th
fore always positive and quite large.29 The absolute values
reflect the large energetic gain to be had upon ionic rel
ations ~the energies associated with cell-external optimi
tion, i.e., cell shape and cell volume, are quite small co
pared with cell-internal relaxations!. This procedure lets us
assess the defect ordering tendencies with only electr
interactions between the ions in the crystal, as determined
comparing the relative energies of unrelaxed isomorp
structures. In the second case, we allow full ionic relaxatio
while optimizing cell shape and volume, as described in S
II. This lets us evaluate defect interactions as a result of b
6-3
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FIG. 2. Formation enthalpies~eV per
Zr12xY2xO21x formula unit! and convex hull
construction for a number of YSZ compounds
five different compositions~see Sec. VI for a dis-
cussion about convex hulls!. The inset illustrates
LDA results for the GGA hull structures. Solid
lines represent the convex hull connecting low
energy structures based on the cubic fluorite l
tice ~i.e., excluding the tetragonal and monoclin
ZrO2 phases!. The dashed line represents the co
vex hull including all phases considered.
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electronic and elastic interactions. The energetic differe
between the two cases defines the elastic part of the
defect ordering tendencies. A further decomposition of
electronic contribution to the defect interactions into elect
static and other components is presented in Sec. V.

In the following, we report analyses of the nature a
strength of vacancy-vacancy, vacancy-dopant, and dop
dopant interactions in three separate subsections and
perform a decomposition of the electronic interactions.

A. Vacancy-vacancy interactions

Based on simple point charge electrostatics, vacancies
expected to repel one other because of the12 lattice-relative
charge they carry with them. The six closest neighbor sh
for the simple cubic~sc! anion lattice in the fluorite structur
and their respective separation are
02410
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~1! ^100& (a),
~2! ^110& (A2a),
~3! ^111& (A3a),
~4! ^200& (2a),
~5! ^210& (A5a),
~6! ^211& (A6a),

wherea is the nearest-neighbor oxygen vacancy separat
which is around 2.7 Å in YSZ compounds and about 2.5 Å
ScSZ compounds.

A number of diffuse neutron and x-ray scattering expe
ments of YSZ have shown a strong tendency for anion
cancies to align alonĝ111&, i.e., as third neighbors, in both
the orderedd-Zr3Y4O12 compound and the solid solutio
fluorite phase of YSZ.16,30–32 The first observation make
perfect sense from an electrostatic point of view, because
^111& direction represents the largest average separation
at
nt
es
e
ng
A
s

FIG. 3. Formation enthalpies~eV per
Zr12xSc2xO21x formula unit! and convex hull
construction for a number of ScSZ compounds
five different compositions. Solid lines represe
the convex hull connecting low-energy structur
based on the cubic fluorite lattice, while th
dashed line represents the convex hull includi
all phases considered. The inset illustrates LD
energies for the GGA-preferred hull structure
~cf. Fig. 2!.
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FIG. 4. Calculated formation enthalpies~eV/
cation! vs vacancy-vacancy separation for 45 d
ferent Zr3Y4O12 compounds. The total formation
enthalpies~left! are decomposed into electron
~middle! and elastic~right! contributions, as dis-
cussed in the text. The data are categorized by
three possible vacancy-vacancy shells~1NN,
2NN, 3NN!.
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cancies can achieve at 40 mol % doping. Vacancy alignm
along^111& in dilute solid solutions, however, is quite une
pected because there is nothing obvious hindering the va
cies from assuming larger separations than third neighb
which is what one would expect on purely electrosta
grounds. Since vacancy clustering is believed to be a ma
if not the principal, limiting factor of ionic conductivity in
this class of oxide conductors,1–3 there is an obvious interes
in understanding this vacancy behavior.

Out of the five different compositions considered here,
40 mol % and 17 mol % compounds offer the best oppo
nity to address vacancy-vacancy interactions since there
two vacancies per unit cell of Zr3Y4O12 and Zr10Y4O26. For
the unrelaxed fluorite lattice, the vacancy positions are w
defined. For the relaxed cells, we simply take these id
fluorite cell-internal positions as the vacancy coordinates

1. 40 mol % composition

We begin our analysis of vacancy ordering tendenc
with the 40 mol % so-calledd compounds of YSZ and ScS
~described in detail in Sec. VI!. Figures 4 and 5 show th
02410
nt

n-
rs,

r,

e
-
re

ll
al

s

computed formation enthalpies versus vacancy-vaca
separation for the 45 Zr3Y4O12 and 45 Zr3Sc4O12 structures.
Focusing on the leftmost panels of Figs. 4 and 5, we imm
diately draw several conclusions: Large~third neighboring!
vacancy-vacancy separations seem to be energetically
ferred for both YSZ and ScSZ, and the substantial verti
spread within each vacancy-vacancy shell~which obscures
this observation! is indicative of the combined strength o
vacancy-dopant and dopant-dopant interactions.

In the remainder of Figs. 4 and 5, these vacancy-vaca
interactions are decomposed into electronic and elastic c
tributions, as explained above. The fact that thir
neighboring~3NN! vacancy structures on average are t
most favored ones when relaxations are frozen~middle pan-
els! shows that the vacancy-vacancy repulsion is electro
in origin. In contrast, a look at the rightmost panels in Fig
4 and 5 shows that the elastic part of the interactions app
to prefer a close vacancy-vacancy association, appare
counteracting this repulsion. This contrast is the first indi
tion that there are opposing forces at play, at least whe
comes to vacancy-vacancy ordering in stabilized zirconia
FIG. 5. Same as Fig. 4 for Zr3Sc4O12.
6-5
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Although Figs. 4 and 5 do give us a first indication of t
origin and strength of the vacancy-vacancy interactions,
picture becomes considerably clearer when we redraw
same information in a way that helps separate out the o
defect ordering contributions to the scatter in the data. F
ures 6 and 7 show the same data as do Figs. 4 and 5, bu
time with the mean vacancy-dopant separation on the h
zontal axis. These figures let us compare the energies of
ferent vacancy-vacancy shell configurations with similar
erage vacancy-dopant interactions, significantly clarify
the interactions trends. In analyzing Figs. 6 and 7, we for
time being concentrate only on the vertical order of the d
ferent vacancy-vacancy shells.~The slopes of the data are o
course connected to vacancy-dopant interactions, which i
interesting topic discussed in the next subsection.! The top
panels of these two figures show that at any given m
vacancy-dopant concentration, third neighboring vacan
are clearly preferred over second- and first-neighbor vaca
pairs. Thus, in bothd compounds of YSZ and ScSZ, it i
now perfectly clear that vacancies do indeed repel each o

FIG. 6. Calculated formation enthalpies~eV/cation! vs mean
vacancy-dopant separation for 45 distinct Zr3Y4O12 compounds.
The total formation enthalpies are decomposed into electronic
elastic contributions, as in previous figures. The circles, squa
and diamonds represent 1NN, 2NN, and 3NN vacancy-vaca
configurations, respectively. The lines represent linear regress
of the data sets and are primarily there as a guide to the eye.
relative vertical order of these lines indicate vacancy-vacancy
dering preferences, while the slopes reflect the preferred vaca
dopant ordering.
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and prefer to space themselves along^111&. An indication of
the strength of the vacancy-vacancy repulsion is given by
energy scale on the ordinate.

The remainder of Figs. 6 and 7 is devoted to the deco
position of vacancy interactions into electronic and elas
contributions. These analyses clearly show that the vaca
vacancy repulsion is electronic in origin: at any given me
vacancy-dopant separation, all 3NN vacancy structures
favored over 2NN configurations, which in turn are favor
over NN vacancy structures in the absence of elastic inte
tions. It is also evident from the bottommost panels that
elastic part of the vacancy interactions counteracts the e
tronic repulsion, but that the elastic attraction at these
cancy separations is too weak in both YSZ and ScSZ
overturn the strong electronic repulsion. Hence, the repuls
vacancy-vacancy character dominates the total vacancy in
action at these compositions~vacancy separations!.

2. 17 mol % composition
At this point, one might wonder how these ordering te

dencies translate to lesser dopant concentrations, comm
used in practical zirconia applications. In addition, we s
have not addressed the unexpected^111& 3NN vacancy or-
dering observed experimentally in dilutely doped zircon
To address both these questions, we now shift our focu
the 17 mol % compounds Zr10Y4O26 and Zr10Sc4O26. The
analyses for these compounds are perfectly analogous to
ones described so far, except that in this case the larger

nd
s,

cy
ns
he
r-
y-

FIG. 7. Same as Fig. 6 for Zr3Sc4O12.
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cells let us probe vacancy-vacancy interactions out to 6
vacancy shells~the maximal separation taking into accou
cell replica interactions!. Thus, we are prepared to addre
the important questions of whether the 3NN vacan
vacancy ordering observed at higher dopant concentrat
persists at more dilute doping, as suggested in numerous
periments, and how this can be understood.

The Zr10M4O26 structure is actually most well suited fo
analyzing cation-cation ordering tendencies, and the rele
lattice algebra analysis of this structure is deferred to S
IV C. For the present purposes, we note that there is a g
total of 48 ordered structures with 3NN vacancies
Zr10Y4O26 and Zr10Sc4O26, for which the energies are re
ported in detail in Sec. IV B. We now compare these orde
structures with cases where we put the vacancies as far
as possible~6NN along^211&).

We find that all of the 48 Y-doped and Sc-doped structu
~each with 3NN vacancies! have a negative formation en
thalpy ~see Figs. 2 and 3!, indicating an energetic ‘‘reward’
for 3NN vacancy ordering. As we separate these vacan
further, to 6NN, we achieve the two least favorable form
tion enthalpies in the entire ensemble. Thus, in excel
agreement with experimental findings,16,30–32we too find that
3NN vacancy ordering is preferred over larger vacancy se
rations ~with the limited 6NN data we have!. While this is
reassuring for our theoretical methodology, it still begs
explanation, since it seemingly defies a simple electrost
argument.

To shed some light on this outstanding question, we ag
turn to our method of decomposing the defect interacti
into elastic and electronic components. Remarkably, we
that when elastic interactions are frozen the very same 6
structures become the two most favored ones, out of 50
tinct Zr10M4O26 structures. Thus, there cannot be any do
that the electrostatically expected defect ordering~6NN pre-
ferred over 3NN! is indeed realized when elastic interactio
are absent and that it is the elastic component that coun
acts the electronic interactions. This balance between e
trostatic repulsion and elastic attraction between vacan
leads to an energetic minimum at a 3NN vacancy separa
explaining the experimental observations at dilute dopi
We note that this argument is valid both for YSZ and ScS
although the 3NN well is somewhat more shallow in the c
of ScSZ due to its weaker elastic component.

B. Vacancy-dopant interactions

In this section, we next consider the interaction of t
dopant cations with their charge compensating anion vac
cies. It is easy to see how a strong anion-cation orde
tendency could inhibit ionic conduction by tying up vaca
cies and slowing their diffusion, so this ordering merits so
close consideration. Experimentally, the most studied zir
nia conductor is YSZ. As mentioned previously, experime
tal data for vacancy-dopant ordering in YSZ have been
conclusive, although the most recent data seem to indi
that vacancies prefer to bind to host~Zr! over dopant
cations.16,12,15 Theoretical first-principles calculations b
Stapperet al.18 and ourselves,4 as well as semiempirical cal
02410
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culations by Sakib Khanet al.33 and Zacateet al.,34 all cor-
roborate these recent experimental findings. Yet based
electrostatics, one would expect just the opposite: name
vacancy-dopant attraction due to the relative point charge
12 and 21 for dopant and vacancies. Theoretical mod
based on cation coordination rationalize the vacancy-Zr
sociation in YSZ from the preferred tendency for Zr ions
assume sevenfold coordination, as in the monoclinic gro
state ~zero-pressure equilibrium phase! of ZrO2. However,
this reasoning fails to account for dopant species variati
~as do purely electrostatic models! and is contradicted by the
preferred sixfold coordination of Zr in the orderedd com-
pound of YSZ~see below!.4 A more detailed account of the
experimental and theoretical background is given in Ref.

The main results of our vacancy-dopant interaction st
ies are contained in Figs. 6 and 7, which contain energies
the 40 mol % yttria and scandia compounds. While in t
previous section we were concerned with the vertical en
getic order of the vacancy subshells, the appropriate mea
in this case is the slope of theDH versus mean vacancy
dopant separation. For the computation of the latter quan
we again use ideal vacancy positions and then take an a
age of all separations between vacancies and nea
neighboring dopant ions.

We first focus on the YSZ results of Fig. 6. The negati
slope within each of the three vacancy-vacancy subshell
the top panel demonstrates a clear preference for vacanc
association, as reported previously.4 To understand this re
sult, we decompose the interaction energies into electro
and elastic components in the remaining two panels of F
6. The positive slopes in the middle panel clearly show t
in the absence of strain interactions, vacancies indeed
prefer to bind to Y31 ions, as expected from electrostat
considerations. The negative slopes in the elastic part of
interaction~bottommost panel! distinctly show that the elec
trostatic ordering tendencies are counteracted by the ela
term. Thus, just like in the case of vacancy-vacancy order
we have a balance between two opposing forces control
defect ordering in YSZ. However, there are two importa
distinctions to keep in mind. First of all, the signs of th
elastic and electronic interactions are reversed; the ela
component is attractive~repulsive! for vacancy-vacancy
~vacancy-dopant! ordering, with the electronic part in bot
cases counteracting the elastic term. Second, this balan
reached at 3NN for vacancy-vacancy ordering, while
elastic term dominates vacancy-dopant ordering at all se
rations probed in this study.

We now repeat this analysis for ScSZ. While the botto
two panels in Fig. 7 exhibit qualitatively similar results a
the YSZ results in Fig. 6, the top panel looks markedly d
ferent. The reason for this is quite simple. A look at t
bottom panel of Fig. 7 reveals that although the elastic co
ponent of the vacancy-dopant interaction is repulsive
ScSZ, just like in YSZ, it is about half as strong. This is
consequence of the considerably smaller size mismatch
tween Sc31 and Zr41, compared with the Y31 –Zr41 mis-
match~the Zr and Sc ions have an ionic radius of about 0
Å; the Y ion radius is about 0.93 Å!. The net result of adding
up the electronic and elastic interactions is that there is
6-7
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A. BOGICEVIC AND C. WOLVERTON PHYSICAL REVIEW B67, 024106 ~2003!
clear preference for the vacancies to bind to either of the
cations~near zero slope in the graph!. This is the crux of the
recipe for a good ionic conductor: minimize the preferen
for the vacancies to get bound to dopant or host ions~as
discussed in detail in Ref. 4!. In light of these observations,
is not so surprising that ScSZ is one of the best zircon
based ionic conductors~in fact superior to YSZ on that fac
alone!. It is worth mentioning that this absence of stro
vacancy-Sc ordering is in excellent agreement with our p
vious findings at lower molar concentrations.4 A second note-
worthy finding is that the best way to achieve this nonpr
erence is to have just enough strain~cation mismatch! so as
to cancel out the electronic component~in essence the elec
trostatic interaction; see below!, rather than striving for zero
induced strain. The dopant should thus be slightlylarger
than the Zr41 ion because the elastic interaction revers
sign for dopants smaller than the host ion.

C. Dopant-dopant interactions

Of the three forms of lattice interactions introduced
Sec. III, the defect ordering tendencies on the cation sub
tice of stabilized zirconia are by far the least known abo
The nature~i.e., ordering versus clustering tendencies! and
the strength of the dopant-dopant interactions and their r
tive magnitude compared to anion-anion and anion-ca
interactions remain wide open questions.

Our analyses of the Zr10M4O26 compounds are most we
suited for extracting interactions on the cation sublattice
order to understand the choice of compounds considered
first explain how the stoichiometry, cation, and anion co
figurations were obtained before proceeding to discuss
results. The 17 mol % Zr10M4O26 stoichiometry was moti-
vated by reports from Thornberet al. on the existence of an
orderedg-Zr5Sc2O13 phase.35 This report contains the spac
group (R3̄) and lattice parameters for theg phase, as well as
oxygen and cation sites within the structure.35 However, no
cation ordering was discerned, and thus the Zr/Sc posit
in the g phase are simply given generically as metal i
sites. We have performed a lattice algebra analysis~see Sec.
III ! to generate all possible cation1anion configurations tha
are consistent with these observations. This procedur
analogous to the one that we used previously to deduce
lowest-energy configuration of thed-Zr3Y4O12 phase.4 The
reported crystal structure contains 14 cation positions.35 An
enumeration of all possible 14-cation fluorite-based c
yields a total of 14 402 cation configurations. Of these, o
991 have the proper cation stoichiometry (A4B10), and
among these, only 12 have rhombohedral cell vect
Within this rhombohedral cell, there are four symmetrica
distinct cation positions~entirely consistent with the result
of Thornber et al.! and six distinct anion positions. Sinc
Thornber and co-workers find only five anion positions in t
g-Zr5Sc2O13 phase,35 we conclude that both oxygen vaca
cies in our cell must come from a single anion symme
type. Only two of our anion positions have a Wyckoff dege
eracy of 2, and thus there are only two possible arrangem
for the vacancies. Both of these arrangements place va
cies in 3NN positions, i.e., surrounding a single cation, a
02410
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thus they both lead to a single sixfold cation position,
observed by Thornberet al.35 ~The 3NN vacancy ordering is
also precisely what we would expect from our previo
findings—see Sec. IV A.! Therefore, the total number o
Zr10M4O26 configurations considered here is 12~cation con-
figurations! 32 ~vacancy arrangements!524.

Because all of our configurations contain 3NN vacanci
each with distinct possibilities for arranging the cations,
have a structure in which the vacancy-vacancy ordering
fixed, and we can probe the cation-cation~coupled together
with cation-anion! interactions. Just as in Sec. IV A, we ca
then try to extract the dopant-dopant interactions by sort
the data according to the mean dopant-dopant separatio

Figure 8 shows the calculated formation enthalpies~eV/
cation! versus average dopant-dopant separation
Zr10Y4O26 and Zr10Sc4O26. In the absence of elastic interac
tions, electrostatics should prevail, and one would then
pect a repulsion between the dopants. A glance at the
panels of Fig. 8 reveals no such trend, however. It see
clear that even in the absence of strain interactions,
vacancy-dopant interactions are sufficiently strong to w
out any trends in dopant-dopant interactions. A correspo
ing analysis with elastic interactions taken into account~bot-
tom panel of Fig. 8! reveals nothing apparent beyond that

A different attempt at extracting dopant-dopant intera
tions can be realized by replotting the data of Fig. 8 with t
mean vacancy-dopant separation on the abscissa. Since
are only two average dopant-dopant separations prior to
laxation ~about 3.4 and 3.8 Å!, we can then see if thes
structures naturally fall into two groups. Figure 9 show

FIG. 8. Calculated formation enthalpies~eV/cation! vs mean
dopant-dopant separation for Zr10Y4O26 ~top left and bottom panel!
and Zr10Sc4O26 ~top right!. The top panels illustrate dopant-dopa
defect ordering tendencies in YSZ and ScSZ when elastic inte
tions are frozen; the bottom panel yields the same information
YSZ when all interactions are taken into account.
6-8
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NATURE AND STRENGTH OF DEFECT INTERACTIONS . . . PHYSICAL REVIEW B 67, 024106 ~2003!
these results, where this time the degree of shading~filled/
shaded! represents the mean dopant-dopant separation. In
case of relaxed structures, we simply adopt the group
symbol of the unrelaxed structure.

This way of sorting the data turns out to be more helpf
We first focus on the top panels of Fig. 9, where elas
interactions are frozen. At any given vacancy-dopant sep
tion, NN dopant compounds in both YSZ and ScSZ alwa
have a higher formation enthalpy than the 2NN dopant co
pounds. This observed dopant-dopant repulsion is exa
what one would expect to find from simple electrostatic co
siderations. Thus, just as in the vacancy-vacancy
vacancy-dopant ordering cases, the electrostatically expe
defect ordering is observed when relaxations are frozen.
note that the positive slopes in all unrelaxed calculations
in excellent agreement with our previous findings in S
IV B for other structures at different compositions.

Once we do allow relaxations, the results for YSZ~bottom
panel! show that NN dopants become slightly favorable a
that there hence seems to be a slight dopant-dopant at
tion. The energy scale here is substantially smaller than
vacancy-vacancy and even vacancy-dopant ordering, ind
ing again that dopant-dopant interactions are the wea
ones in the system. Thus, as in all previous cases, the el
dopant-dopant interactions counteract the electrostatic
preferred defect ordering at all probed defect separation

It is also interesting to note the considerably smaller ne
tive slopes in the bottom panel of Fig. 9 compared with tho
in Fig. 6. This suggests a palpably weaker vacancy-dop
ordering preference at the considerably larger vacan
dopant separations in Zr10Y4O26 compared with Zr3Y4O12
~see discussion in Sec. IV B!, as expected given the esta
lished nature of the defect interactions.

FIG. 9. The same data as in Fig. 8, this time redrawn with
mean vacancy-dopant separation on the horizontal axis.
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V. ROLE OF ELECTROSTATICS

Throughout the paper, we have often used the term e
tronic interaction, and yet we have looked at electrosta
for guidance about defect ordering. The ‘‘electronic’’ pa
encompasses the full classical and quantum-mechanical
tronic interactions, including multipole interactions, ion
polarization, etc., as calculated within density-function
theory. The objective of the following analysis is to asse
the fraction of the electronic term that is comprised of sim
classical point-charge electrostatics. There are several
sons for doing this analysis. For one, it is considerably ea
to comprehend and extrapolate results from classical elec
statics than from a full quantum-mechanical descriptio
Second—and just as importantly—we can assess the ex
of variation in defect ordering that is attainable throu
variations in the electronic properties of the constituent io
In other words, it would be interesting to assess the exten
which defect ordering could be controlled via variations
~beyond point-charge electrostatics! electronic properties.

To perform this analysis, we separately compute the e
trostatic energy of an array of point charges situated in the
possible anion-cation arrangements of thed structure using a
standard Ewald summation technique. We then compare
energies of these calculations with those of our electro
structure calculations. Throughout the electrostatical calc
tions, ideal point charges are used (41 for host and 31 for
dopant cations, 22 for oxygen anions!.

Figure 10 illustrates these results as compared with
full DFT calculations for the same set of structures~with the
strain term frozen!. The upper panel in Fig. 10 shows th
DFT calculations~which are identical to the middle panel o
Fig. 6!, while the lower panel shows the point-charge ele
trostatic energy. Clearly, the results look quite similar.
particular, identical trends are found for vacancy-vacancy
dering ~3NN preferred! and vacancy-dopant orderin
~vacancy-Y association preferred!. The inset in the lower
panel shows a plot of the DFT results versus the electros
ics calculations. The fact that all 45 data points fall ve
close to a straight line shows that the electronic~unrelaxed!
part of the YSZ~and ScSZ! calculations is almost purely du
to electrostatics. Thus, speciation of defect ordering fo
given class of aliovalent dopants is left almost entirely to
elastic term, which is strongly coupled to the size of t
dopants. In a recent report, we demonstrate the coupling
tween defect ordering and ionic conduction by screenin
number of divalent and trivalent dopants set apart prima
by their ionic radius.4

The fact that the electronic part of the defect interactio
is almost entirely due to point-charge electrostatics be
some additional consequences. For one, we would not ex
appreciable changes in defect ordering or ionic conductiv
solely due to variations in electronic parameters like pola
ability, electronegativity, etc. Yet this is seemingly what h
recently been reported for rare-earth-doped cubic bism
oxides, namely, that ionic conductivity and its decay tim
scale linearly with dopant polarizability.37 The apparent reso
lution to this conflict is that the classical dopant polarizab
ity is proportional to the cube of the ionic radius.~This rela-

e
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A. BOGICEVIC AND C. WOLVERTON PHYSICAL REVIEW B67, 024106 ~2003!
tion is, in fact, how the polarizability is computed in th
experimental study.37! Thus, according to our analyses, th
experimentally measured correlation between ionic cond
tion decay times and polarizability is due to the fact that
polarizability increases rapidly with ion size,not due to the
polarization itself. In other words, if it were possible to affe
the polarizability without changing the ionic radius, w
would expect this correlation to vanish.

VI. ORDERED GROUND STATES

Ordered compounds in any phase diagram are of con
erable interest for various reasons. In electrolyte appl
tions, one tries to avoid ordered compounds since they
believed to significantly reduce ion mobility by trapping ca
riers in low-energy states. Although it is possible to avoid
formation of ordered phases, short-range signatures of lo
range ordered compounds can often survive in solid s
tions ‘‘far’’ away from the actual ordered phase in both co
position and temperature. Thus, it is exceedingly import
to understand the stability and type of ordered compou
for optimizing a material’s properties.

Given the calculated energy-composition relations,
picted in Figs. 2 and 3, we can begin to address the ques
of what the stable~low-temperature! ‘‘ground states’’ in the
YSZ and ScSZ systems are. The necessary criterion f
ground-state compound is that the ground state mus
lower in energy than any other structure at the particu

FIG. 10. Comparison between full electronic structure DFT c
culations with strain frozen out~top panel! and classical electro
static field summation of the 45 isomorphs for the formation enth
pies of thed compound Zr3Y4O12 ~bottom panel!. The circles,
squares, and diamonds represent 1NN, 2NN, and 3NN vaca
vacancy configurations, respectively. The inset in the lower pa
compares the formation enthalpies against each other; the s
deviations from a straight line shows the dominating effect of el
trostatics in the total electronic part of the defect interactions.
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composition, as well as any two-phase mixture of structu
at other compositions. Following this criterion, energies
the T50 ground states of a system must lie on a so-ca
convex hull where tie lines are drawn between low-ene
phases, with only the minimum-energy lines retained. Th
segments must necessarily be convex upward, since any
cave downward region would indicate an instability towar
phase separation between two neighboring phases.

Although we have a seemingly large number~nearly 300!
of configurations sampled for the YSZ and ScSZ syste
this number still pales in comparison to the astronomica
large number of configurational possibilities allowed (2N for
N ionic positions!. All of our convex hull constructions in
Figs. 2 and 3 should therefore be seen as upper bounds t
true ground-state hull. It is quite possible that unexpec
low-energy structures could still exist beyond the 300 t
we have explored. However, for the stoichiometries wh
compounds have been experimentally reported (Zr3M4O12
and Zr5M2O13), we have~as explained above! considered all
possible configurations consistent with experimental obs
vations. We therefore expect that the lowest-energy str
turesat these compositionsare the true ground-state configu
rations on the convex hull, as remains to be verifi
experimentally.

Based on such an analysis, we recently reported the
covery of new metastable zirconia-rich compounds in
YSZ phase diagram.4 We also completed the experimental
known information about thed-Zr3Y4O12 compound by es-
tablishing its full crystal structure. In the following, w
present a similar analysis for the ScSZ system and m
detailed comparisons with YSZ results.

We have drawn two different convex hull constructions
Figs. 2 and 3: one considering only the cubic fluorite-bas
configurations~solid lines! and one considering all struc
tures, i.e., including the monoclinic and tetragonal phase
ZrO2 ~dashed lines!. We distinguish between these two co
structions because the first-principles energy differences
tween three forms of ZrO2 have been shown to be eithe
smaller ~LDA ! or larger ~GGA! than those deduced from
experiment~see Ref. 4 and references therein!. In all cases,
the ‘‘cubic-only’’ convex hulls are consistent with exper
mental phase diagrams, whereas some discrepancies ari
the ‘‘full’’ convex hulls. These discrepancies seem to sugg
the possibility that the error lies in the first-principles ene
gies of the monoclinic and tetragonal ZrO2 phases, rather
than any errors in the cubic ordered phases. For the Y
system, the ‘‘cubic-only’’ convex hull contains four phas
ZrO2, Y2O3, d-Zr3Y4O12, and the previously predicted Zr
rich compound Zr6Y2O15. This last structure is particularly
interesting, because the tie line between this and thed phase
lies lower in energy than any of the Zr5M2O13 structures
~observed in ScSZ but not YSZ!. The ‘‘full’’ convex hull in
YSZ contains only ZrO2 ~monoclinic!, Y2O3, and
d-Zr3Y4O12, which are in fact the only three phases o
served at low temperatures in YSZ. On the other hand,
ScSZ ground-state diagrams are quite different from thos
YSZ. For the ‘‘cubic-only’’ convex hull, we again have fou
phases ZrO2, Sc2O3, d-Zr3Sc4O12, but for ScSZ the ob-
servedg-Zr5Sc2O13 phase is also on the hull. However, th
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NATURE AND STRENGTH OF DEFECT INTERACTIONS . . . PHYSICAL REVIEW B 67, 024106 ~2003!
‘‘full’’ convex hull contains only the ZrO2~monoclinic! and
Sc2O3 phases; even thed-Zr3Sc4O12 lies above this tie line.
This latter point is in seeming contrast to experimental
servations of low-temperature phases in this system. As m
tioned above, a plausible cause of this discrepancy is in
first-principles energy for the monoclinic phase.

Another point of interest is to compare the crystal stru
tures of thed compound, which forms ordered phases in bo
YSZ and ScSZ. The structure of Zr3Y4O12 is relatively easy
to understand in terms of the strong preference for^111&
vacancy ordering and vacancy-Zr association in YSZ. Si
we find the same vacancy ordering preference in ScSZ~see
Sec. IV A!, there is obviously a great similarity between t
two d compounds. However, given the weaker elastic co
ponent of vacancy-dopant interactions in ScSZ than YSZ
the concomitant weak preference for any particular vacan
dopant ordering, there is little reason to expect the two
dered phases to be identical. Consequently, there is little
prise in noting that the lowest-energy structure
d-Zr3Sc4O12 has a different cation arrangement th

TABLE I. Ionic coordinates for thed-Zr3Sc4O12 structure, as
computed within the DFT-GGA. The fully relaxed cation and ani
coordinates, as well as the ideal anion vacancy positionss1–s3, are
given in scaled~direct! space, with the matrix multiplier~unit cell
vectors! for conversion to Cartesian coordinates provided in the fi
three lines (a1–a3), in units of Å. The last column shows the coo
dination numbern for cations, anions, and anion vacancies.

Unit cell vectors

a1 5.0964 2.5474 2.5494
a2 -2.5491 5.0978 2.5477
a3 -2.5483 -2.5476 5.0961

Ion s1 s2 s3 n

Zr 0.3875 0.1394 0.7003 O7
0.8605 0.2998 0.3876 O7
0.7002 0.6125 0.8606 O7

Sc1 0.0087 0.9914 0.0086 O6
Sc2 0.3108 0.3955 0.1349 O7

0.1352 0.6890 0.6044 O7
0.6045 0.8649 0.3107 O7

O1 0.3286 0.0682 0.0738 Zr1Sc3

0.0737 0.6714 0.9317
0.9319 0.9261 0.3287

O2 0.6822 0.9383 0.9093 Zr2Sc2

0.0616 0.0912 0.6823
0.9091 0.3178 0.0618

O3 0.1771 0.4189 0.4228 Zr2Sc2

0.5810 0.5772 0.1770
0.4228 0.8229 0.5811

O4 0.5737 0.1815 0.4324 Zr2Sc2

0.4325 0.4263 0.8184
0.8183 0.5676 0.5735

h1 0.7500 0.2500 0.7500 Zr2Sc2

h2 0.2500 0.7500 0.2500 Zr1Sc3
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TABLE II. Ionic coordinates for theg-Zr10Sc4O26 structure, as
computed within the DFT-GGA. See Table I for an explanation
the nomenclature.

Unit cell vectors

a1 7.7463 2.5411 -0.0477

a2 -0.0484 7.7214 2.5439

a3 2.5495 -0.0450 7.7181

Ion s1 s2 s3 n

Zr 0.0412 0.6359 0.7875 O8
0.4047 0.9006 0.7091 O7
0.7544 0.1035 0.6577 O8
0.4937 0.5029 0.4994 O6
0.8987 0.7115 0.4095 O7
0.2099 0.9551 0.3671 O8
0.5956 0.1009 0.2843 O7
0.9497 0.3636 0.2154 O8
0.2905 0.5903 0.0993 O7
0.6369 0.7887 0.0438 O8

Sc 0.0116 0.0127 0.0050 O8

0.3565 0.2143 0.9493 O8
0.7104 0.4042 0.8989 O7
0.1049 0.2924 0.5969 O7

O 0.1374 0.1365 0.1406 Zr2Sc2

0.8481 0.8640 0.8384 Zr3Sc1

0.4721 0.3258 0.0969 Zr2Sc2

0.2199 0.1142 0.8092 Zr1Sc3

0.8309 0.5478 0.0125 Zr3Sc1

0.5740 0.3407 0.7436 Zr2Sc2

0.1863 0.7826 0.8798 Zr3Sc1

0.8963 0.5291 0.6717 Zr2Sc2

0.5353 0.0042 0.8426 Zr3Sc1

0.3866 0.7585 0.5397 Zr4Sc0

0.8899 0.1881 0.7933 Zr1Sc3

0.6767 0.9067 0.5232 Zr4Sc0

0.2462 0.4546 0.6366 Zr2Sc2

0.9834 0.1639 0.4588 Zr3Sc1

0.0365 0.8089 0.5378 Zr4Sc0

0.7593 0.5416 0.3785 Zr4Sc0

0.3273 0.1018 0.4723 Zr3Sc1

0.1205 0.8094 0.2124 Zr3Sc1

0.6149 0.2492 0.4489 Zr4Sc0

0.4549 0.9809 0.1752 Zr3Sc1

0.1027 0.4742 0.3275 Zr3Sc1

0.8110 0.2171 0.1249 Zr2Sc2

0.4591 0.6176 0.2407 Zr4Sc0

0.1620 0.4533 0.9952 Zr3Sc1

0.7876 0.8818 0.1811 Zr3Sc1

0.5224 0.6706 0.8952 Zr3Sc1

h1 0.6250 0.6250 0.6250 Zr3Sc1

h2 0.3750 0.3750 0.3750 Zr3Sc1
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d-Zr3Y4O12. While in the YSZd phase it is a Zr~host! ion
which assumes the only sixfold-coordinated position right
between the two third-neighboring vacancies, in the ScSd
phase that position is occupied by a Sc~dopant! ion. The
energetic penalty associated with changing the prefe
structure of the respectived phases to that of its counterpa
is 21 meV/cation ford-ScSZ in thed-YSZ structure and 91
meV/cation for the opposite scenario. This smaller energ
penalty for cation ‘‘antisites’’ is consistent with the observ
tions of complete lack of cation order ind-Zr3Sc4O12 ~Refs.
35 and 36! and, in contrast, distinct cation order in Zr3Y4O12

~and Zr3Yb4O12) ~Ref. 36!.

VII. SUMMARY

We have performed a detailed analysis of defect orde
in yttria- and scandia-doped cubic zirconia at a wide range
dopant concentrations using first-principles calculations. T
specific elucidation of the origins of the reported defect
dering preferences provides a coherent and robust mea
understanding the defect chemistry in a wide class of do
~zirconium! oxides and can be used as effective guidance
efforts to optimize materials properties like ionic conduct
ity and electrolyte heat treatments. Specifically, our res
show that defect ordering in stabilized zirconia is mo
strongly governed by vacancy-vacancy interactions,
lowed by vacancy-dopant and, weakest of all, dopant-dop
interactions. We show that all observed ordering tenden
can be well understood in terms of a balance between c
peting electrostatic and elastic defect interactions, the la
of which account for dopant speciation. In particular, w
show that the best way to minimize the vacancy-dopant
sociation deleterious to ionic conduction is to choose dopa
whose strain term maximally counteracts the electrostatic
teraction term, rather than striving for zero induced stra
This result is well exemplified by our finding that there is
negligible vacancy-dopant association in ScSZ, while in Y
the larger strain component due to the larger ionic radius
yttrium ions leads to a strong vacancy-Zr association t
hampers ionic conduction by vacancy diffusion.
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APPENDIX

In this appendix, we report the full crystal structures
the d and g phases of ScSZ, to complement our previo
report for thed phase of YSZ~Ref. 4! and compare their
defect structures.

Table I contains a complete set of coordinates for
d-Zr3Sc4O12 structure, as computed within the DFT-GGA.
comparing with thed-Zr3Y4O12 structure, previously re-
ported in Ref. 4, we note some distinct differences. First
all, thed compound in ScSZ has a different cation structu
~B! than that in YSZ~A! to use our previous terminology
Further, in YSZ, the two vacancies in the lattice are sy
metrically equivalent, while in ScSZ that is not the cas
Taking into account these different symmetry lowering d
tinctions, we note that there are only four symmetrically d
tinct oxygen positions ind-ScSZ, as compared to six i
d-YSZ. Morevoer, all Zr ions are equivalent in the form
case, unlike in YSZ. From a physical point of view, the ma
difference is that ind-ScSZ the only sixfold-coordinated ca
ion is a dopant ion~Sc!, while in d-YSZ it is a host ion~Zr!
that occupies this position. As discussed in previous secti
the latter observation is consistent with the large drivi
force forh-Zr association in YSZ. In ScSZ, there is no cle
vacancy-cation preference~see, e.g., Fig. 7! and thus no rea-
son to expect any particular cation to assume the sixf
coordination. As it turns out, it is a dopant ion that ends
occupying the least coordinated crystal position.

In Table II, we specify the ionic coordinates for th
g-ScSZ structure Zr10Sc4O26. Upon relaxing the ideal crys
tal positions of the 24 candidate structures~see Sec. IV A 2!,
we noted somewhat larger ionic relaxations than in any
the other structures considered in this study. In the most
vere case we noted a cation relaxation of about 0.26 Å
an anion relaxation of about 0.79 Å, and the structu
thereby basically collapsed into that of another starting str
ture. Given the different relaxation patterns of these t
structures, the resulting coordinates were found to di
slightly. The largest noted uncertainty was about 0.11 Å
an oxygen ion position, indicating the accuracy of sta
ionic coordinates in Table II. The energies of the two stru
tures were identical to within 331025 eV, indicating cumu-
lative small differences in ionic positions.
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