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Nature and strength of defect interactions in cubic stabilized zirconia
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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 surprisiid11) 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.
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[. INTRODUCTION for the most well-utilized and well-studied zirconia ceramic,
yttria-stabilized zirconia(YSZ), there is an abundance of
Zirconia-based ceramics are found in a remarkable varietgontradictory experimental reports of whether oxygen vacan-
of technological and commercial applications, e.g., thermaties prefer to bind to dopant €Y) (Refs. 6—1] or host
barrier coatings, gas sensors, catalyst washcoats, solid oxi@&r**) (Refs. 12—1Bcations. Existing physical models have
fuel cells, and even fashion jewelry. This impressive versaproved of limited value, insofar as often being in mutual
tility originates from the creation of atomic defects in the disagreement, remaining unverified and failing to explain
zirconia crystal. As certain aliovalefihonisovalent oxides  variations due to the chemical identity of the dopant.
are added to Zr§ substitutional cations are charge balanced First-principles studies have recently proved helpful in
by the formation of anion vacancies. These defects and theimraveling some of these complex defect interactftos.°
mutual interactions dramatically affect the structural, ther-By analyzing the energetic preferences of various ordered
mal, mechanical, and electrical properties of zirconia. Perdoped zirconia compounds, the intrinsic defect ordering ten-
haps the most conspicuous example comes from the margencies can be established. In previous studies, we found that
orders of magnitude increase in the ionic conductivity ofthere are opposing forces at play for vacancy-dopant
zirconia upon aliovalent doping, facilitated by the diffusion interactions and that dopant size has a strong effect on de-
of oxygen vacancies? fect ordering® Still, several important issues like vacancy-
Because ionic transport in this class of materials is tiedsacancy and dopant-dopant ordering remain poorly under-
directly to atomic defects, it automatically follows that any stood. An important goal of this study is to establish these
interactions among these are prone to affect the ionic cordefect ordering preferences and relate them to ionic conduc-
ductivity. The severity of defect interactions is best illus- tivity.
trated by the exponential decay in ionic conductivity beyond Knowing how defects interact in stabilized zirconia is in-
some critical oxide composition, despite an increasing numstrumental to understanding its ionic conductivity and other
ber of charge carrying vacancies. Defect interactions are thuwaterials properties. In the following, we therefore examine
believed to be the primary source of two highly unwelcomethese interactions in detail. In addition, we are concerned
limitations of zirconia-basedand other electrolytes:(i) a  with the generality of these results, i.e., how well they trans-
sharp drop-off in ionic conductivity beyond a relatively low fer to other doped zirconia compounds and even other oxide
level of aliovalent dopindtypically 8—12 mol % and(ii) a  electrolytes. As we will show, there are both great similari-
remarkable sensitivity of the ionic conductivity to the ther-ties and striking differences between yttria- and scandia-
mal history of the electrolyte and accompanying fluctuationsstabilized zirconigScS2 alone. Knowingwhy defects inter-
in oxide compositiort3 act the way they do provides insight that can be used to
Despite these overwhelming effects on ionic conductiorassess such questions of transferability and even help guide
and other microscopic properties of zirconia cerantgpsd  rational design. Thus, the principal focus of this paper is to
related materials classeghere is currently no Zr@based identify the origin of the computed defect ordering tenden-
oxide system where the origin and strength of defect intercies.
actions are completely known. Weak scattering contrast and In this paper, we present a first-principles study of the
other experimental difficulties together with the computa-nature and strength of defect interactions in yttria- and
tional demands of sufficiently accurate theoretical modelingscandia-stabilized zirconia. A detailed analysis of a large
have both contributed to this situatién.For example, even number of ordered vacancy compounds, coupled with strate-
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gic interaction decompositions and separate electrostatiasentation of the generalized gradient approximation
calculations, provides several important new results regardGGA).?° Technical details about the use of the local density
ing the defect chemistry in doped zirconia. approximation(LDA)?® and pseudopotential variations are
(i) The natureand magnitude of intrinsic vacancy- described in Ref. 4. We solve the Kohn-Sham equations it-
vacancy, vacancy-dopant, and dopant-dopant interactions aegatively and optimize all atomic positions, cell shape, and
all thoroughly elucidated and related to the observed shorteell volume using a conjugate gradient algorithm until re-
range order in solid solutions and long-range order in comsidual atomic forces are less than 0.03 eV/A . The Brillouin
pounds. The magnitude of the interactions decays agone samplingf is performed using increasingly more dense
vacancy-vacancy vacancy-dopagt dopant-dopant. Monkhorst-Packk-point meshes, until absolute convergence
(i) Defect ordering preferences are without exceptionis achieved(to <1 meV/unit cel). In most cases, a (44
shown to arise from a competition between electrostaticx4) k-point mesh is sufficient and forms the basis for all
(dopant independentind elastichighly dopant dependent results except the large cell M 40,4 calculations where a
defect interaction&® The best way to minimize vacancy- (2x2x2) k-point mesh is used. To enhance convergence
dopant association deleterious to ionic conduction is towith respect to Brillouin zone sampling, we employ a Fermi
choose dopants which induce a finite strain that counteractsmearing of the electronic occupancy with a fictitious elec-
the electrostatically driven ordering, i.e., not to strive fortronic temperature of 0.2 eV and then extrapolate to zero
zero strain. temperature. In certain structures where the band gap turns
(ii) It is safe to use the term electrostatics because weut to be substantially decreased, a smaller smearing width
prove that the complex quantum-mechanical electronic interef 0.1 eV is used to reduce the electronic entropy below 1
actions are comprised predominantly of simple classicaimeV/ion. All calculations employ primitive unit cells, which
point-charge electrostatic Coulomb interactions when elastientail 11-40 atoms per cell.
interactions are treated separately.
(iv) The experimentally observed vacancy ordering in di- ll. ELUORITE LATTICE
lute solutions as well as ordered compounds is explained in
terms of a balance between Competing Vacancy interactions. Pure ZirCOI’lia Cl’ystallizes in thl’ee diﬁerent Stl’UCtUI’eS, de'
(v) The complete crystal structures of experimentally ob-Pending on the temperature. For a discussion of the mono-
served ordered compounds are establidleegl, thes andy  clinic and tetragonal polymorphs of ZsOwe refer the
phases of ScSZand shown to be fully consistent with de- reader to Ref. 4 and references therein. The cubic fluorite
duced defect ordering tendencies. This includes the norhase is thermodynamically stable only above about 2650
trivial result that the two ordered phases of YSZ and ScSz K.'® The substitution of lower-valent cations for tetravalent
differ in crystal structure due to variations in the elastic termZr ions results in the creation of charge compensating anion
of vacancy-dopant interactions. vacancies. For trivalent dopants like Y gnd Sc, one oxygen
(vi) Variations in ionic conduction due to dopant speciesion is removed for every two dopant cations introduced into

are traced back primarily to ion size-induced differences ifh€ zirconia lattice. The most pronounced crystallographic
the elastic part of vacancy-dopant interactions. effect upon aliovalent doping is the effective stabilization of

(vii) Said results are proved valid for a wide range ofthe tetragonal and cubic phases towards lower temperatures.
dopant concentration@t least within 14—40 mol % The easy transport of oxygen ions via anion vacancy diffu-

The paper is organized as follows: Section Il describe$ion in these phases is directly responsible for the consider-
our theoretical approach, while Sec. Il is devoted to theable increase in ionic conductivity upon aliovalent doping.
crystal structure and types of defect interactions on the fluo- The stabilized cubic phase of Zs(oses an interesting,
rite lattice. In Sec. IV, we present our results for the naturenultifaceted ordering problem. The fluorite structure consists
and strength of vacancy-vacancy, vacancy-dopant, andf two sublattices: an fcc sublattice, hosting Zr and dopant
dopant-dopant interactions, and in Sec. V we report on pointcations, and a simple cubic sublattice, hosting oxygen ions
charge electrostatics calculations. In Sec. VI we discus@nd oxygen vacancigslenoted]). This dual sublattice ge-
long-range order and the predictions of new ordered YSZ2metry leads to three distinct forms of intrasublattice and
and ScSZ compounds, while Sec. VII formulates our concluintersublattice interactionsee Fig. 1
sions. Finally, the Appendix contains some salient technical (1) cation/cation interactions on the cation sublattice

results.
© (Zr/Zr, MIZEMIM),
Il. THEORETICAL APPROACH (2) anion/anion interactions on the anion sublattice
Our electronic-structure calculations are based on density- (o/o,.b/0,0/0),

functional theory(DFT),?1?2 with core-valence electron in-
teractions represented by ultrasoft Vanderbilt
pseudopogtzntia%?, as implemented in the highly efficient (Zt/0,M/0,Zr/C,M/0),

VASP code®” We expand the one-electron wave functions in a

plane-wave basis with an energy cutoff of 29 Ry, keepingwhereM denotes the aliovalent cation dopa¥tor Sc herg.
semicore electrons in the valence for all cations. For thdzach of these three interactions may be either of “ordering
exchange-correlation functional, we use the PW91 impletype” (association of unlike species, e.g., Y dndl or “clus-

(3) cation/anion interactions between the sublattices
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tions 1—x andx, respectively, one obtains &M SZ stoichi-
ometry given by Zy_,M,,0,, .. The formation enthalpy of
this MSZ compound is then given by theero-pressune
energy difference between thdSZ compound and the
composition-weighted average of its constituent oxites
bic ZrO, and bixbyité® M,05):

AH=E[Zr; M 20, 4]~ [(1=X)E(ZrO;) + XE(M;03)].

A negative formation enthalpy indicates the stability at 0 K
of the compound relative to phase separation into the con-
stituent oxides, whereas a positive formation enthalpy indi-
cates that phase separation is preferred in the absence of
entropic effects at finite temperatures. Although our calcula-
tions are for zero temperatukee., no entropic effects are
included, they allow us to uncover the generic ordering ten-
dencies that exist in these systems.

Figures 2 and 3 show the DFT-GGA-computed formation
enthalpies for an ensemble of YSZ and ScSZ compounds at
five different dopant concentrations. A discussion about the
o ) . . ~relative energies of these compounds and their implications

FIG. 1. Schematic illustration of the fluorite lattice, showing for long-range order is presented in Sec. V. A few things can
how it can be viewed as coupled fcc cation and simple C@EC  he noted immediately though. First of all, it is clear from
anion sublattices. The anions are small for clatthough they are Figs. 2 and 3 that within any given stoichiometry, there is a
actually larger than the cationdn the case of cubic-stabilized zir- large scatter in formation enthalpies depending’on the de-
conia, the fcc sublattice hosts*Zrand dopante.g., ¥* or SE+) . : . . : :

. . . : . : tailed cation~anion configuration. The span of this scatter
cations, while the sc sublattice hostd Qlons and their vacancies. . . s ; .

gives a first indication of the energetic magnitude of the
combined defect ordering. Second, in several cases, the for-
ation enthalpy span crosses thel =0 line, indicating that

tering type” (association of like specigsand depends on the

separation shell, i.e., nearest neighbor, next nearest neighbor, i " o )
etc). In addition, these three interactions, and thereby als§'© detailed ordering can qualitatively determine whether or

the ordering tendencies, tend to be highly coupled, under0t formation is energetically preferable. Finally, there are

- . . - . : obvious similarities as well as qualitative differences be-
scoring the complexity inherent in this seemingly simple sys- ) . >
tem. Although it makes good sense to initially focus on pairtWeen the energies Of_YSZ and _SCSZ which areagtiori

understood. We explain these differences below.

interactions, a complete description must in principle also
take into account many-body interactions.
In this study, we investigate the origin and strength of IV. DEFECT INTERACTIONS

defect ordering tendencies in stabilized zircof8&) viathe  1q petter assess the questions of how defects interact in

energetic dependence of the total cation and anion configusrconia and what causes them to do so, we separate the

ration, as calculated from first principles. The completeyefect interactions into elastic and electronic contributions.

ranges of compositions studiédith the mole fractions of  \we perform this separation by evaluating all SZ structures in

yttria/scandiax) are two different manners, with two distinctly different energy

scales. In the first case, the atoms are kept in their ideal

21Y2015 and ZgSG0s5 (x=0.14), fluorite positions by freezing out ionic relaxa?tions, and the

defects are thus prohibited from interacting elastically. To

Z110Y4Oz aNd Z5oSGOz% (x=0.17), make energetic evaluations meaningful, all ordered com-

Zt.Y-0.: and Z6Sc.0 -0.20, pounds within any given crystal structure and composition
472-i S0 (X 0 are made using the same volume and cell shape. The com-

Zr,Y,0, and ZbS60, (x=0.33), puted formation energies of 'these restrained cells are there-
2 2= 65607 ( 3 fore always positive and quite largeé The absolute values

Zr3Y 40y, and Z5SGOy, (x=0.40). reflect the large energetic gain to be had upon ionic relax-

ations (the energies associated with cell-external optimiza-
Once the cation configurations are specified, all possibléion, i.e., cell shape and cell volume, are quite small com-
symmetrically distinct anion ordering possibilities are enu-pared with cell-internal relaxationsThis procedure lets us
merated using advanced lattice algebra techniques developadsess the defect ordering tendencies with only electronic
for Ising-model studies of alloys. The full details of this interactions between the ions in the crystal, as determined by
procedure are described in a previous sthidghich also re- comparing the relative energies of unrelaxed isomorphic
ports some of our early YSZ results. The defect orderingstructures. In the second case, we allow full ionic relaxations
preferences are measured by energetic preferences. By comhile optimizing cell shape and volume, as described in Sec.
bining ZrO, andM,0; (M =Y or Sc here with mole frac-  II. This lets us evaluate defect interactions as a result of both
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electronic and elastic interactions. The energetic difference (1) (100) (a),
between the two cases defines the elastic part of the total (2) (110 (\2a),
defect ordering tendencies. A further decomposition of the (3) (111) (/3a),
electronic contribution to the defect interactions into electro- (4) (200) (2a),
static and other components is presented in Sec. V. (5) (210 (\5a),
In the following, we report analyses of the nature and (6) (211) (\/Ea),
strength of vacancy-vacancy, vacancy-dopant, and dopant-
dopant interactions in three separate subsections and th
perform a decomposition of the electronic interactions.

erea is the nearest-neighbor oxygen vacancy separation,
which is around 2.7 A in YSZ compounds and about 2.5 A in
ScSZ compounds.

A number of diffuse neutron and x-ray scattering experi-
ments of YSZ have shown a strong tendency for anion va-
Based on simple point charge electrostatics, vacancies agancies to align alongl11), i.e., as third neighbors, in both

expected to repel one other because oftt#elattice-relative  the ordereds-Zr;Y ,0,, compound and the solid solution
charge they carry with them. The six closest neighbor shellfluorite phase of YS2%3°-%?The first observation makes
for the simple cubi¢so anion lattice in the fluorite structure perfect sense from an electrostatic point of view, because the

A. Vacancy-vacancy interactions

and their respective separation are (111) direction represents the largest average separation va-
T 1 1 T 1 T | T |
T & T T T m
030} 00— 1.%., L. L. l ..... - i _
0.1 ZrSe01s 8-Zr,8¢,0,, ] N
025 5 . M —
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ZrSc,0,4 N FIG. 3. Formation enthalpies(eV per
015~ u = - Zr1-4S6,0,. formula uniy and convex hull
10k E ] construction for a number of ScSZ compounds at
five different compositions. Solid lines represent

.05 Zr,Sc,0, - the convex hull connecting low-energy structures
based on the cubic fluorite lattice, while the
dashed line represents the convex hull including
all phases considered. The inset illustrates LDA
energies for the GGA-preferred hull structures
(cf. Fig. 2.
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cancies can achieve at 40 mol % doping. Vacancy alignmerdomputed formation enthalpies versus vacancy-vacancy
along(111) in dilute solid solutions, however, is quite unex- separation for the 45 2¥ ,0,, and 45 ZgS¢,0;, structures.
pected because there is nothing obvious hindering the vacafocusing on the leftmost panels of Figs. 4 and 5, we imme-
cies from assuming larger separations than third neighborsiiately draw several conclusions: Lar¢ird neighboring
which is what one would expect on purely electrostaticyacancy-vacancy separations seem to be energetically pre-
grounds. Since vacancy clustering is believed to be a majoferred for both YSZ and ScSZ, and the substantial vertical

if not the principal, limiting factor of ionic conductivity in
this class of oxide conductots® there is an obvious interest

in understanding this vacancy behavior.

Out of the five different compositions considered here, the
40 mol % and 17 mol % compounds offer the best opportu-
nity to address vacancy-vacancy interactions since there a

two vacancies per unit cell of 2Y ,0,, and ZgY 40,5. For

the unrelaxed fluorite lattice, the vacancy positions are wel
defined. For the relaxed cells, we simply take these ideaéI
fluorite cell-internal positions as the vacancy coordinates.

1. 40 mol % composition

spread within each vacancy-vacancy shalhich obscures
this observationis indicative of the combined strength of

vacancy-dopant and dopant-dopant interactions.

In the remainder of Figs. 4 and 5, these vacancy-vacancy

interactions are decomposed into electronic and elastic con-

Eﬁbutions, as explained above. The fact that third-
eighboring (3NN) vacancy structures on average are the

ost favored ones when relaxations are frogaiddle pan-

9 shows that the vacancy-vacancy repulsion is electronic

in origin. In contrast, a look at the rightmost panels in Figs.

4 and 5 shows that the elastic part of the interactions appears
to prefer a close vacancy-vacancy association, apparently
We begin our analysis of vacancy ordering tendenciesounteracting this repulsion. This contrast is the first indica-
with the 40 mol % so-called compounds of YSZ and ScSZ tion that there are opposing forces at play, at least when it
(described in detail in Sec. YIFigures 4 and 5 show the comes to vacancy-vacancy ordering in stabilized zirconia.

ScSZ
T T T 13T | T o7 | T
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0.15 d 12 m 0] o -
S| 1 ,.LE IS .
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| El J = 11HT —
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| 1 I 0.8 2NN o INN 1
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FIG. 6. Calculated formation enthalpi¢eV/catior) vs mean
vacancy-dopant separation for 45 distinc¥sO;, compounds.

The total formation enthalpies are decomposed into electronic and o
elastic contributions, as in previous figures. The circles, square@nd prefer to space themselves algtgl). An indication of

and diamonds represent 1NN, 2NN, and 3NN vacancy-vacanc{he strength of the vacancy-vacancy repulsion is given by the
configurations, respectively. The lines represent linear regressiorgnergy scale on the ordinate.
of the data sets and are primarily there as a guide to the eye. The The remainder of Figs. 6 and 7 is devoted to the decom-
relative vertical order of these lines indicate vacancy-vacancy orposition of vacancy interactions into electronic and elastic
dering preferences, while the slopes reflect the preferred vacancgontributions. These analyses clearly show that the vacancy-
dopant ordering. vacancy repulsion is electronic in origin: at any given mean
vacancy-dopant separation, all 3NN vacancy structures are
Although Figs. 4 and 5 do give us a first indication of the favored over 2NN configurations, which in turn are favored

origin and strength of the vacancy-vacancy interactions, th@Ver NN_vacancy _structures in the absence of elastic interac-
picture becomes considerably clearer when we redraw th#ons. Itis also evident from the bottommost panels that the
same information in a way that helps separate out the 0th&|a8.tlc part o_f the vacancy interactions counteracts the elec-
defect ordering contributions to the scatter in the data. Fig{fonic repulsion, but that the elastic attraction at these va-
ures 6 and 7 show the same data as do Figs. 4 and 5, but tHi§nCy separations is too weak in both YSZ and ScSZ to
time with the mean vacancy-dopant separation on the horioverturn the strong electronic repulsmn. Hence, the repul_swe
zontal axis. These figures let us compare the energies of diftacancy-vacancy character dominates the total vacancy inter-
ferent vacancy-vacancy shell configurations with similar av-2ction at these compositiortsacancy separations

erage vacancy-dopant interactions, significantly clarifying

the interactions trends. In analyzing Figs. 6 and 7, we for the 2. 17 mol % composition

time being concentrate only on the vertical order of the dif- At this point, one might wonder how these ordering ten-
ferent vacancy-vacancy shell@he slopes of the data are of dencies translate to lesser dopant concentrations, commonly
course connected to vacancy-dopant interactions, which is amsed in practical zirconia applications. In addition, we still
interesting topic discussed in the next subsectidine top  have not addressed the unexpectédl) 3NN vacancy or-
panels of these two figures show that at any given meadering observed experimentally in dilutely doped zirconia.
vacancy-dopant concentration, third neighboring vacancie$o address both these questions, we now shift our focus to
are clearly preferred over second- and first-neighbor vacanche 17 mol % compounds ZY 4O, and Zr,S¢,0,5. The
pairs. Thus, in both5 compounds of YSZ and ScSzZ, it is analyses for these compounds are perfectly analogous to the
now perfectly clear that vacancies do indeed repel each oth@nes described so far, except that in this case the larger unit

FIG. 7. Same as Fig. 6 for £8¢,0,5,.
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|.33 |.,34

cells let us probe vacancy-vacancy interactions out to 6NNulations by Sakib Khaet al>> and Zacateet al.>" all cor-
vacancy shellsthe maximal separation taking into account roborate these recent experimental findings. Yet based on
cell replica interactions Thus, we are prepared to addresselectrostatics, one would expect just the opposite: namely, a
the important questions of whether the 3NN vacancy-vacancy-dopant attraction due to the relative point charges of
vacancy ordering observed at higher dopant concentrations— and 2+ for dopant and vacancies. Theoretical models
persists at more dilute doping, as suggested in numerous eyased on cation coordination rationalize the vacancy-Zr as-
periments, and how this can be understood. _ sociation in YSZ from the preferred tendency for Zr ions to

The ZnoM 4Oy structure is actually most well suited for assume sevenfold coordination, as in the monoclinic ground
analyzing cation-cation ordering tendencies, and the relevanate (zero-pressure equilibrium phasef ZrO,. However,
lattice algebra analysis of this structure is deferred to SeGpjs reasoning fails to account for dopant species variations
IV'C. For the present purposes, we note that there is a grangs do purely electrostatic modebnd is contradicted by the
total of 48 ordered structures with 3NN vacancies inyreferred sixfold coordination of Zr in the ordereédcom-
Zr10Y 406 and ZioS¢ Oz, for which the energies are re- pound of YSZ(see below? A more detailed account of the
ported in detail in Sec. IV B. We now compare these orderegyperimental and theoretical background is given in Ref. 4.
structures with cases where we put the vacancies as far apart The main results of our vacancy-dopant interaction stud-
as possibl¢6NN along(211)). ies are contained in Figs. 6 and 7, which contain energies for

We find that all of the 48 Y-doped and Sc-doped structureghe 40 mol % yttria and scandia compounds. While in the
(each with 3NN vacanci¢shave a negative formation en- previous section we were concerned with the vertical ener-
thalpy (see Figs. 2 and)3indicating an energetic “reward” getic order of the vacancy subshells, the appropriate measure
for 3NN vacancy ordering. As we separate these vacancigg this case is the slope of theH versus mean vacancy-
further, to 6NN, we achieve the two least favorable forma-yopant separation. For the computation of the latter quantity,
tion enthalpies in the entire ensemble. Thus, in excellenfye again use ideal vacancy positions and then take an aver-
agreement with experimental findins}°~*4we too find that age of all separations between vacancies and nearest-
3NN vacancy ordering is preferred over larger vacancy sepaseighboring dopant ions.
rations (with the limited 6NN data we hayeWhile this is We first focus on the YSZ results of Fig. 6. The negative
reassuring for our theoretical methodology, it still begs ansjgpe within each of the three vacancy-vacancy subshells in
explanation, since it seemingly defies a simple electrostatighe top panel demonstrates a clear preference for vacancy-Zr
argument. _ _ _ . _association, as reported previou$ljo understand this re-

To shed some light on this outstanding question, we agaigt, we decompose the interaction energies into electronic
turn to our method of decomposing the defect interactiongng elastic components in the remaining two panels of Fig.
into elastic and electronic components. Remarkably, we fing The positive slopes in the middle panel clearly show that
that when elastic interactions are frozen the very same 6NN, the absence of strain interactions, vacancies indeed do
structures become the two most favored ones, out of 50 disprefer to bind to ¥* ions, as expected from electrostatic
tinct Zr;oM 4Oz Structures. Thus, there cannot be any doubignsiderations. The negative slopes in the elastic part of the
that the electrostatically expected defect ordexi@igN pre-  jnteraction(bottommost pangldistinctly show that the elec-
ferred over 3NN is indeed realized when elastic interactions yostatic ordering tendencies are counteracted by the elastic
are absent and that it is the elastic component that countefaym. Thus, just like in the case of vacancy-vacancy ordering,
acts the electronic interactions. This balance between elegye have a balance between two opposing forces controlling
trostatic repulsion and elastic attraction between vacanCiegefect ordering in YSZ. However, there are two important
leads to an energetic minimum at a 3NN vacancy separatiopjistinctions to keep in mind. First of all, the signs of the
explaining the experimental observations at dilute dopingejastic and electronic interactions are reversed; the elastic
We note that this argument is valid both for YSZ and ScSZomponent is attractive(repulsive for vacancy-vacancy
although the 3NN well is somewhat more shallow in the casgyacancy-dopantordering, with the electronic part in both
of ScSZ due to its weaker elastic component. cases counteracting the elastic term. Second, this balance is
reached at 3NN for vacancy-vacancy ordering, while the
elastic term dominates vacancy-dopant ordering at all sepa-
rations probed in this study.

In this section, we next consider the interaction of the We now repeat this analysis for ScSZ. While the bottom
dopant cations with their charge compensating anion vacariwo panels in Fig. 7 exhibit qualitatively similar results as
cies. It is easy to see how a strong anion-cation orderinghe YSZ results in Fig. 6, the top panel looks markedly dif-
tendency could inhibit ionic conduction by tying up vacan-ferent. The reason for this is quite simple. A look at the
cies and slowing their diffusion, so this ordering merits somebottom panel of Fig. 7 reveals that although the elastic com-
close consideration. Experimentally, the most studied zircoponent of the vacancy-dopant interaction is repulsive in
nia conductor is YSZ. As mentioned previously, experimen-ScSZ, just like in YSZ, it is about half as strong. This is a
tal data for vacancy-dopant ordering in YSZ have been inconsequence of the considerably smaller size mismatch be-
conclusive, although the most recent data seem to indicateveen Sé* and zZf*, compared with the ¥ —Zr** mis-
that vacancies prefer to bind to ho&Zr) over dopant match(the Zr and Sc ions have an ionic radius of about 0.80
cations'®!215 Theoretical first-principles calculations by A;the Y ion radius is about 0.93)AThe net result of adding
Stapperet al!® and ourselve$ as well as semiempirical cal- up the electronic and elastic interactions is that there is no

B. Vacancy-dopant interactions
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ScSZ

clear preference for the vacancies to bind to either of the two M6 T 080
cations(near zero slope in the graplThis is the crux of the =] yeotronic 078
recipe for a good ionic conductor: minimize the preference 0.76
for the vacancies to get bound to dopant or host iGs 0.74
discussed in detail in Ref)4In light of these observations, it
is not so surprising that ScSZ is one of the best zirconia-=
based ionic conductor@n fact superior to YSZ on that fact 3 100
alone. It is worth mentioning that this absence of strong
vacancy-Sc ordering is in excellent agreement with our pre- = = IND
vious findings at lower molar concentratich&.second note- 0925 ij 3'6 L ziN- 062, I?F 3'6 L 3'8N
worthy finding is that the best way to achieve this nonpref- T Mean Y-y distance (A) e Se-Sodistance ()
erence is to have just enough strégation mismatchso as i .
to cancel out the electronic componéint essence the elec- B 7
trostatic interaction; see belowrather than striving for zero -0.06 = B
induced strain. The dopant should thus be slighdgger
than the Z#* ion because the elastic interaction reverses
sign for dopants smaller than the host ion.
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C. Dopant-dopant interactions - INN .

Of the three forms of lattice interactions introduced in M 35 36 3.7 38 39 40 41 42
Sec. llI, the defect ordering tendencies on the cation sublat- A A EEGE ()
tice of stabilized zirconia are by far the least known about. FiG. 8. Calculated formation enthalpigeV/cation vs mean
The nature(i.e., ordering versus clustering tendengia®d  dopant-dopant separation for,gY ;0. (top left and bottom pangl
the strength of the dopant-dopant interactions and their relaand z5,Sc,0, (top right. The top panels illustrate dopant-dopant
tive magnitude compared to anion-anion and anion-catiomlefect ordering tendencies in YSZ and ScSZ when elastic interac-
interactions remain wide open questions. tions are frozen; the bottom panel yields the same information for
Our analyses of the ZgM ,0,5 compounds are most well YSZ when all interactions are taken into account.
suited for extracting interactions on the cation sublattice. In

order to understand the choice of compounds considered, wg g they both lead to a single sixfold cation position, as
first explain how the stoichiometry, cation, and anion con-gpserved by Thornbest al3® (The 3NN vacancy ordering is
figurations were obtained before proceeding to discuss oufgq precisely what we would expect from our previous
results. The 17 mol% ZsM 4O, stoichiometry was moti-  findings—see Sec. IV A. Therefore, the total number of
vated by reports from Thornbet al. on the existence of an Zr,0M 4O, configurations considered here is @@tion con-
orderedy-ZrsSc,0;3 phase®® This report contains the space figurationg X 2 (vacancy arrangements24.

group (R3) and lattice parameters for thephase, as well as Because all of our configurations contain 3NN vacancies,
oxygen and cation sites within the structdreHowever, no  each with distinct possibilities for arranging the cations, we
cation ordering was discerned, and thus the Zr/Sc positionsave a structure in which the vacancy-vacancy ordering is
in the v phase are simply given generically as metal ionfixed, and we can probe the cation-cati@oupled together
sites. We have performed a lattice algebra analfgge Sec. with cation-anion interactions. Just as in Sec. IV A, we can
[I1) to generate all possible cati¢@nion configurations that then try to extract the dopant-dopant interactions by sorting
are consistent with these observations. This procedure ihe data according to the mean dopant-dopant separation.
analogous to the one that we used previously to deduce the Figure 8 shows the calculated formation enthalgieg/
lowest-energy configuration of th&-Zr;Y ,0;, phase! The  cation versus average dopant-dopant separation for
reported crystal structure contains 14 cation positldmsn  Zry0Y 4,0, and Z5;S¢0,. In the absence of elastic interac-
enumeration of all possible 14-cation fluorite-based cellgions, electrostatics should prevail, and one would then ex-
yields a total of 14 402 cation configurations. Of these, onlypect a repulsion between the dopants. A glance at the top
991 have the proper cation stoichiometrA,B,0), and panels of Fig. 8 reveals no such trend, however. It seems
among these, only 12 have rhombohedral cell vectorsclear that even in the absence of strain interactions, the
Within this rhombohedral cell, there are four symmetrically vacancy-dopant interactions are sufficiently strong to wash
distinct cation positiongentirely consistent with the results out any trends in dopant-dopant interactions. A correspond-
of Thornberet al) and six distinct anion positions. Since ing analysis with elastic interactions taken into accqibiot-
Thornber and co-workers find only five anion positions in thetom panel of Fig. 8reveals nothing apparent beyond that.
y-ZrsS6,0;5 phase® we conclude that both oxygen vacan- A different attempt at extracting dopant-dopant interac-
cies in our cell must come from a single anion symmetrytions can be realized by replotting the data of Fig. 8 with the
type. Only two of our anion positions have a Wyckoff degen-mean vacancy-dopant separation on the abscissa. Since there
eracy of 2, and thus there are only two possible arrangemengse only two average dopant-dopant separations prior to re-
for the vacancies. Both of these arrangements place vacataxation (about 3.4 and 3.8 A we can then see if these
cies in 3NN positions, i.e., surrounding a single cation, andstructures naturally fall into two groups. Figure 9 shows
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Throughout the paper, we have often used the term elec-
tronic interaction, and yet we have looked at electrostatics
for guidance about defect ordering. The “electronic” part
encompasses the full classical and quantum-mechanical elec-
tronic interactions, including multipole interactions, ionic
polarization, etc., as calculated within density-functional
0.64 theory. The objective of the following analysis is to assess
o) B I I I P P Y7 S E P R I P the fraction of the electronic term that is comprised of simple

Mo vaommcy Y disance () e vioney Sediwame (1) Classical point-charge electrostatics. There are several rea-
o sons for doing this analysis. For one, it is considerably easier

B L L to comprehend and extrapolate results from classical electro-
-0.06 = ° 2NN = statics than from a full quantum-mechanical description.
. Second—and just as importantly—we can assess the extent
of variation in defect ordering that is attainable through
- variations in the electronic properties of the constituent ions.

l In other words, it would be interesting to assess the extent to
P2 Total sz . ] which defect ordering could be controlled via variations in
SOV A N U [ T Y U I T (beyond point-charge electrostajiedectronic properties.
MR 3 84 B8 B8 M e 0 A A2 To perform this analysis, we separately compute the elec-
v y istance (A)
trostatic energy of an array of point charges situated in the 45

FIG. 9. The same data as in Fig. 8, this time redrawn with thepossible anion-cation arrangements of éh&tructure using a

mean vacancy-dopant separation on the horizontal axis. standard Ewald summation technique. We then compare the
energies of these calculations with those of our electronic
these results, where this time the degree of shafitigd/ structure calculations. Throughout the electrostatical calcula-

shadefirepresents the mean dopant-dopant separation. In tHionS, ideal point charges are usedt(4or host and 3- for

case of relaxed structures, we simply adopt the groupin§©Pant cations, 2 for oxygen anions ,
symbol of the unrelaxed structure. Figure 10 illustrates these results as compared with the

This way of sorting the data turns out to be more helpful.fu" DFT calculations for the same set of structufesth the

We first focus on the top panels of Fig. 9, where elasticStraln term frozen The upper panel in Fig. 10 shows the

: . : DFT calculationgwhich are identical to the middle panel of
interactions are frozen. At any given vacancy-dopant separ

tion, NN dopant compounds in both YSZ and ScSZ alwayehg' 6), while the lower panel shows the point-charge elec-

Srostatic energy. Clearly, the results look quite similar. In

have a higher formation enthalpy than the 2NN dopant comp icylar, identical trends are found for vacancy-vacancy or-

pounds. This observed dopant-dopant repulsion is exrclctl&:mng (3NN preferred and vacancy-dopant ordering
what one would expect to find from simple electrostatic con-yacancy-Y association preferjedThe inset in the lower
siderations. Thus, just as in the vacancy-vacancy anflanel shows a plot of the DFT results versus the electrostat-
vacancy-dopant ordering cases, the electrostatically expectggk calculations. The fact that all 45 data points fall very
defect ordering is observed when relaxations are frozen. Welose to a straight line shows that the electropiorelaxed
note that the positive slopes in all unrelaxed calculations argart of the YSZ(and ScSZ calculations is almost purely due
in excellent agreement with our previous findings in Secto electrostatics. Thus, speciation of defect ordering for a
IV B for other structures at different compositions. given class of aliovalent dopants is left almost entirely to the
Once we do allow relaxations, the results for Y@obttom  elastic term, which is strongly coupled to the size of the
pane) show that NN dopants become slightly favorable anddopants. In a recent report, we demonstrate the coupling be-
that there hence seems to be a slight dopant-dopant attrawveen defect ordering and ionic conduction by screening a
tion. The energy scale here is substantially smaller than fonumber of divalent and trivalent dopants set apart primarily
vacancy-vacancy and even vacancy-dopant ordering, indicaby their ionic radiug.
ing again that dopant-dopant interactions are the weakest The fact that the electronic part of the defect interactions
ones in the system. Thus, as in all previous cases, the elasis almost entirely due to point-charge electrostatics bears
dopant-dopant interactions counteract the electrostaticallpome additional consequences. For one, we would not expect
preferred defect ordering at all probed defect separations. appreciable changes in defect ordering or ionic conductivity
It is also interesting to note the considerably smaller negasolely due to variations in electronic parameters like polariz-
tive slopes in the bottom panel of Fig. 9 compared with thoseability, electronegativity, etc. Yet this is seemingly what has
in Fig. 6. This suggests a palpably weaker vacancy-dopantcently been reported for rare-earth-doped cubic bismuth
ordering preference at the considerably larger vacancyexides, namely, that ionic conductivity and its decay time
dopant separations in ZyY 40,5 compared with Z5Y,0;,  scale linearly with dopant polarizability.The apparent reso-
(see discussion in Sec. IV)Bas expected given the estab- lution to this conflict is that the classical dopant polarizabil-
lished nature of the defect interactions. ity is proportional to the cube of the ionic radiyhis rela-
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1.00

0.66
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L L L S R L R B composition, as well as any two-phase mixture of structures
[ INN | at other compositions. Following this criterion, energies at
] the T=0 ground states of a system must lie on a so-called
' - convex hull where tie lines are drawn between low-energy
] phases, with only the minimum-energy lines retained. These
H s ] segments must necessarily be convex upward, since any con-
BN ] cave downward region would indicate an instability towards
° : . phase separation between two neighboring phases.
N Although we have a seemingly large numigeearly 300
of configurations sampled for the YSZ and ScSZ systems,
this number still pales in comparison to the astronomically
large number of configurational possibilities allowed' (@r
N ionic positiong. All of our convex hull constructions in
Figs. 2 and 3 should therefore be seen as upper bounds to the
true ground-state hull. It is quite possible that unexpected
g low-energy structures could still exist beyond the 300 that
. Point-charge model we have explored. However, for the stoichiometries where
I U BT BT compounds have been experimentally reportecsNIZIO,,
25 3.0 , 3.5 and ZgM,0;4), we have(as explained aboyeonsidered all
MR ECA SRR possible configurations consistent with experimental obser-
FIG. 10. Comparison between full electronic structure DFT cal-Vations. We therefore expect that the lowest-energy struc-
culations with strain frozen outtop panel and classical electro- turesat these compositiorare the true ground-state configu-
static field summation of the 45 isomorphs for the formation enthalfations on the convex hull, as remains to be verified
pies of the § compound Z5Y,O;, (bottom panel The circles, €xperimentally.
squares, and diamonds represent 1NN, 2NN, and 3NN vacancy- Based on such an analysis, we recently reported the dis-
vacancy configurations, respectively. The inset in the lower panetovery of new metastable zirconia-rich compounds in the
compares the formation enthalpies against each other; the smaflSZ phase diagrathWe also completed the experimentally
deviations from a straight line shows the dominating effect of elecknown information about thé-Zr3Y ,0,, compound by es-
trostatics in the total electronic part of the defect interactions. tablishing its full crystal structure. In the following, we
present a similar analysis for the ScSZ system and make

tion is, in fact, how the polarizability is computed in the detailed comparisons with YSZ results.

experimental stud?Z) Thus, according to our analyses, the We have drawn two different convex hull constructions in

experimentally measured correlation between ionic conduc'—:'gsf.' 2 ar;d 3 onlt_edclqn&derlr:jg only the (.:;'b'.c fluolrllte;based
tion decay times and polarizability is due to the fact that thetontigura ions(solid lines and one considering all struc-

polarizability increases rapidly with ion sizept due to the tres, i.e., mclu_dmg the r_no.noclllnlc and tetragonal phases of

polarization itself. In other words, if it were possible to affect Z10, (dashed lines We d_|st|ngy|sh between the;e two con-

the polarizability without changing the ionic radius, we structions because the first-principles energy dlﬁerenqes be-

would expect this correlation to vanish. tween three forms of ZrQhave been shown to be either
smaller (LDA) or larger (GGA) than those deduced from

experiment(see Ref. 4 and references thejeim all cases,

the “cubic-only” convex hulls are consistent with experi-

VI. ORDERED GROUND STATES mental phase diagrams, whereas some discrepancies arise for

Ordered compounds in any phase diagram are of considhe “full” convex hulls. These discrepancies seem to suggest
erable interest for various reasons. In electrolyte applicathe possibility that the error lies in the first-principles ener-
tions, one tries to avoid ordered compounds since they argies of the monoclinic and tetragonal Zr@hases, rather
believed to significantly reduce ion mobility by trapping car- than any errors in the cubic ordered phases. For the YSZ
riers in low-energy states. Although it is possible to avoid thesystem, the “cubic-only” convex hull contains four phases
formation of ordered phases, short-range signatures of longérO2, Y,03, 6-Zr3Y 40,5, and the previously predicted Zr-
range ordered compounds can often survive in solid solurich compound ZY,0;s5. This last structure is particularly
tions “far” away from the actual ordered phase in both com-interesting, because the tie line between this andstbbase
position and temperature. Thus, it is exceedingly importanties lower in energy than any of the ¢ ,0,; structures
to understand the stability and type of ordered compoundéobserved in ScSZ but not Y$ZThe “full” convex hull in
for optimizing a material's properties. YSZ contains only Zr@ (monoclinig, Y,03 and

Given the calculated energy-composition relations, ded-Zr3Y40;,, which are in fact the only three phases ob-
picted in Figs. 2 and 3, we can begin to address the questiogerved at low temperatures in YSZ. On the other hand, the
of what the stablélow-temperaturg“ground states” in the  ScSZ ground-state diagrams are quite different from those of
YSZ and ScSZ systems are. The necessary criterion for ¥SZ. For the “cubic-only” convex hull, we again have four
ground-state compound is that the ground state must bghases Zr@, SGO;, §-Zr3S¢,04,, but for ScSZ the ob-
lower in energy than any other structure at the particulaservedy-ZrsSc,0,5 phase is also on the hull. However, the
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TABLE 1. lonic coordinates for thej-Zr;S¢,0,, structure, as TABLE Il. lonic coordinates for they-Zr,;Sc,0,¢ Structure, as
computed within the DFT-GGA. The fully relaxed cation and anion computed within the DFT-GGA. See Table | for an explanation of
coordinates, as well as the ideal anion vacancy posisgns,;, are  the nomenclature.
given in scaleddirec space, with the matrix multipliefunit cell

vectorg for conversion to Cartesian coordinates provided in the first Unit cell vectors
three lines &,—a3), in units of A. The last column shows the coor-
dination numben for cations, anions, and anion vacancies. &y 7.7463 2.5411 -0.0477
a -0.0484 7.7214 2.5439
Unit cell vectors ag 2.5495 -0.0450 7.7181
aq 5.0964 2.5474 2.5494 lon Sy S, S3 n
a -2.5491 5.0978 2.5477
as -2.5483 -2.5476 5.0961 Zr 0.0412 0.6359 0.7875 O
0.4047 0.9006 0.7091 0
lon S1 S2 S3 n 0.7544 0.1035 0.6577 O
Zr 0.3875 0.1394 0.7003 0 0.4937 0.5029 0.4994 O
0.8605 0.2998 0.3876 0 0.8987 0.7115 0.4095 0
0.7002 0.6125 0.8606 0 0.2099 0.9551 0.3671 O
Sg 0.0087 0.9914 0.0086 O ggjgs 8;222 g;?gj g
S6 0.3108 0.3955 0.1349 0 ' ' '
0.1352 0.6890 0.6044 0 0.2905 0.5903 0.0993 O
0.6045 0.8649 0.3107 0 0.6369 0.7887 0.0438 O
0.0737 0.6714 0.9317 0.3565 0.2143 0.9493 S
0.9319 0.9261 0.3287 0.7104 0.4042 0.8989 0
0, 0.6822 0.9383 0.9093 236 0.1049 0.2924 0.5969 O
0.0616 0.0912 0.6823
0.9091 03178 0.0618 O 0.1374 0.1365 0.1406 £36
03 0.1771 0.4189 0.4228 736 0.8481 0.8640 0.8384 84
0.5810 0.5772 0.1770 0.4721 0.3258 0.0969 £86,
0.4228 0.8229 0.5811 0.2199 0.1142 0.8092 455G
o, 0.5737 0.1815 0.4324 736, 0.8309 0.5478 0.0125 £80
0.4325 0.4263 0.8184 0.5740 0.3407 0.7436 £56,
0.8183 0.5676 0.5735 0.1863 0.7826 0.8798 456
0y 0.7500 0.2500 0.7500 256 0.8963 0.5291 0.6717 £56
[P 0.2500 0.7500 0.2500 495G 0.5353 0.0042 0.8426 450
0.3866 0.7585 0.5397 £5G
“full” convex hull contains only the ZrQ(monoclinig and 8'2323 8';3?; 8';22:; g:
S 05 phases; even thé-Zr;S¢, 045 lies above this tie line. ' ' '
This latter point is in seeming contrast to experimental ob- 0.2462 0.4546 0.6366 £50
servations of low-temperature phases in this system. As men- 0.9834 0.1639 0.4588 480,
tioned above, a plausible cause of this discrepancy is in the 0.0365 0.8089 0.5378 paled
first-principles energy for the monoclinic phase. 0.7593 0.5416 0.3785 yale)
Another point of interest is to compare the crystal struc- 0.3273 0.1018 0.4723 pailel
tures of thed compound, which forms ordered phases in both 0.1205 0.8094 0.2124 3¢
YSZ and ScSZ. The structure of Af,0,, is relatively easy 0.6149 0.2492 0.4489 36
to understand in terms of the strong p_ref_erence(ﬂit]} _ 0.4549 0.9809 0.1752 73q
vacancy ordering and vacancy-Zr association in YSZ. Since 0.1027 0.4742 0.3275 Z¢,
we find the same vacancy ordering preference in Sc&2 0.8110 02171 0.1249 P
Sec. IV A), there is obviously a great similarity between the ' ' ' @
two & compounds. However, given the weaker elastic com- 0.4591 0.6176 0.2407 £
ponent of vacancy-dopant interactions in ScSZ than YSZ and 0.1620 0.4533 0.9952 ¢80
the concomitant weak preference for any particular vacancy- 0.7876 0.8818 0.1811 £80,
dopant ordering, there is little reason to expect the two or- 0.5224 0.6706 0.8952 alel
dered phases to be identical. Consequently, there is little sur2; 0.6250 0.6250 0.6250 750
prise in noting that the lowest-energy structure of(, 0.3750 0.3750 0.3750 B¢,

6-Zr3;S¢0,, has a different cation arrangement than
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8-Zr3Y ,01,. While in the YSZ5 phase it is a Zfhos) ion APPENDIX

which assumes the only sixfold-coordinated position right in | this appendix, we report the full crystal structures of
between the two third-neighboring vacancies, in the S6SZ the § and y phases of ScSZ, to complement our previous
phase that position is occupied by a @panj ion. The  report for thes phase of YSZ(Ref. 4 and compare their
energetic penalty associated with changing the preferredefect structures.

structure of the respectivé phases to that of its counterpart ~ Table | contains a complete set of coordinates for the
is 21 meV/cation fors-ScSZ in thes-YSZ structure and 91  6-Zr;Sg Oy, structure, as computed within the DFT-GGA. In
meV/cation for the opposite scenario. This smaller energeti€omparing with thes-Zr3Y,0y, structure, previously re-
penalty for cation “antisites” is consistent with the observa-Ported in Ref. 4, we note some distinct differences. First of
tions of complete lack of cation order #HZr;SgO;, (Refs. all, the 6 compound in ScSZ has a different cation structure

. o . . B) than that in YSZ(A) to use our previous terminology.
35 and 3§ and, in contrast, distinct cation order ing¥,0;, I(:u)rther, in YSZ, the (tvx)/o vacancies Fi)n the lattice are ggm

(and ZgYb,0,,) (Ref. 36. metrically equivalent, while in ScSZ that is not the case.
Taking into account these different symmetry lowering dis-
tinctions, we note that there are only four symmetrically dis-

VIl. SUMMARY tinct oxygen positions in5-ScSZ, as compared to six in
) ) . 6-YSZ. Morevoer, all Zr ions are equivalent in the former
We have performed a detailed analysis of defect orderingase ynlike in YSZ. From a physical point of view, the main
in yttria- and scandia-doped cubic zirconia at a wide range oOfjifference is that ins-ScSZ the only sixfold-coordinated cat-
dopant concentrations using first-principles calculations. Theyn is a dopant ior{Sc), while in §-YSZ it is a host ion(Zr)
specific elucidation of the origins of the reported defect or-that occupies this position. As discussed in previous sections,
dering preferences provides a coherent and robust means @fe latter observation is consistent with the large driving
understanding the defect chemistry in a wide class of dopefbrce for[(1-Zr association in YSZ. In ScSZ, there is no clear

(zirconium oxides and can be used as effective guidance irvacancy-cation preferendsee, e.g., Fig.)7and thus no rea-

efforts to optimize materials properties like ionic conductiv- son to expect any particular cation to assume the sixfold

ity and electrolyte heat treatments. Specifically, our resultgoordination. As it turns out, it is a dopant ion that ends up
show that defect ordering in stabilized zirconia is mostoccupying the least coordinated crystal position.

strongly governed by vacancy-vacancy interactions, fol- In Table Il, we specify the ionic coordinates for the

lowed by vacancy-dopant and, weakest of all, dopant-dopang-ScSZ structure 4pS¢,0,6. Upon relaxing the ideal crys-

interactions. We show that all observed ordering tendencietal positions of the 24 candidate structutese Sec. IV A 2,

can be well understood in terms of a balance between conwe noted somewhat larger ionic relaxations than in any of

peting electrostatic and elastic defect interactions, the lattethe other structures considered in this study. In the most se-

of which account for dopant speciation. In particular, wevere case we noted a cation relaxation of about 0.26 A and
show that the best way to minimize the vacancy-dopant asan anion relaxation of about 0.79 A, and the structure
sociation deleterious to ionic conduction is to choose dopantthereby basically collapsed into that of another starting struc-
whose strain term maximally counteracts the electrostatic inture. Given the different relaxation patterns of these two
teraction term, rather than striving for zero induced strainstructures, the resulting coordinates were found to differ

This result is well exemplified by our finding that there is aslightly. The largest noted uncertainty was about 0.11 A for

negligible vacancy-dopant association in ScSZ, while in YSZan oxygen ion position, indicating the accuracy of stated

the larger strain component due to the larger ionic radius ofonic coordinates in Table Il. The energies of the two struc-
yttrium ions leads to a strong vacancy-Zr association thatures were identical to within 8 10 ° eV, indicating cumu-
hampers ionic conduction by vacancy diffusion. lative small differences in ionic positions.
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