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Defect ordering in aliovalently doped cubic zirconia from first principles
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Defect ordering in aliovalently doped cubic-stabilized zirconia is studied using gradient corrected density-
functional calculations. Intra- and intersublattice ordering interactions are investigated for both(Zatorm
dopant iongand anion(oxygen ions and vacanciespecies. For yttria-stabilized zirconia, the crystal structure
of the experimentally identified, ordered compoudr;Y ,O,, is established, and we predict metastable
zirconia-rich ordered phases. Anion vacancies repel each other at short separations, but show an energetic
tendency to align as third-nearest neighbors akdridl) directions. Calculations with divalefBe, Mg, Ca, Sr,
Ba) and trivalent(Y, Sc, B, Al, Ga, In) oxides show that anion vacancies prefer to be close to the smaller of
the cationgZr or dopant ion. When the dopant cation is close in size to Zr, the vacancies show no particular
preference, and are thus less prone to be bound preferentially to any particular cation type when the vacancies
traverse such oxides. This ordering tendency offers insight into the observed high conductivji@sefand
S6,0,5-stabilized zirconia, as well as recent results using, e.g., lanthanide oxides. The calculations point to
In,O5 as a particularly promising stabilizer for high ionic conductivity. Thus we are able to directly link
(thermodynamig defect ordering to(kinetic) ionic conductivity in cubic-stabilized zirconia using first-
principles atomistic calculations.
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[. INTRODUCTION tradictory experimental reports of whether the oxygen
vacancies prefer to bind next to dopant(y (Refs. 10-15
Despite decades of extensive use of zirconia ceramics ior host (Zf*) cations'®~2°In addition, it is well established
many technological applications, this surprisingly complexthat defect ordering and clustering directly contribute to the
material still continues to exhibit remarkable properties thaobserved conductivity —degradation upon aging of
have yet to be explained by simple physical models. Wherlectrolytes'?! Hence, a more complete picture of the order-
pure zirconia, ZrQ, is alloyed with other oxides, the high- ing tendencies in cubic stabilized zirconias is needed to fa-
temperature cubic polymorph can be stabilized to low temc<ilitate a generic understanding of the ionic conductivity in
peratures, where its mechanical, thermal, and electrical proghese materials.
erties are utilized in a large number of technological The stabilized cubic phase of Zg(poses an interesting,
applications. One of the most prominent characteristics ofnultifaceted ordering problem. The fluorite structure consists
this cubic fluorite phase is its high ionic conductivity, dis- of two sublattices: an fcc cation sublattice, consisting of Zr
covered by Nernst a century ajeand subsequently ex- and dopantions, and a simple cubic anion sublattice, consist-
plained by Wagnérto arise from charge compensating oxy- ing of oxygen ions and oxygen vacanci@enoted), the
gen vacancies associated with aliovalent cation additiondatter being introduced to compensate for the charge associ-
Because its substantial band gap inhibits electronic condu@ted with nonisovalent doping on the cation lattice. This dual
tion, cubic-stabilized zirconia has found widespread use asublattice geometry leads to three distinct forms of intra- and
electrolyte membranes in solid oxide fuel cells, oxygenintersublattice interactions(i) The cation-cation or Zr-
pumps and separators, and other electrochemical de¥ites. dopant interaction on the cation sublatti¢@) the anion-
Although the number of vacancies increases monotonianion or oxygent] interaction on the anion sublattice, and
cally with dopant concentratichmeasurements of the ionic (iii) the cation-anionor dopantt] interaction between the
conductivity in doped zirconia always exhibit a maximum two sublattices. Each of these three interactions may be ei-
for some critical dopant composition, with significantly de- ther of “ordering type” (association of unlike species, e.g.,
creased conductivity for lower and higher dopant levels. O andJ) or “clustering type” (association of like specigs
Several attempts have been made to explain this nonmonand depends on the separation sfiedl., nearest neighbor,
tonic behavior of the conductivity in doped zirconias in next nearest neighbor, etcAdditionally, the three interac-
terms of ordering and clustering tendencies between vacations are not necessarily independent, and so the ordering
cies, oxygen ions, and dopant iéfior alternative physical tendencies may b&nd most often ajecoupled. These con-
models® Additionally, for low levels of yttria, the cubic siderations underscore the complexity inherent in this seem-
phase can give way to two-phase equilibria with the otheingly simple system.
two zero-pressure zirconia polymorphs, the tetragonal and In this paper, we report on an extensive first-principles
monoclinic phases, which substantially affects the ionic constudy of the currently most common and versatile solid-state
ductivity. Given the conflicting accounts in the literature, theelectrolyte, yttria-stabilized zirconigYSZ). An in-depth
explanation of conductivity versus composition and temperaanalysis of defect ordering at selected compositions reveals
ture still remains largely unanswered. For instance, considthe energetically preferred ordering tendencies between cat-
ering just a single dopant oxidgttria), there are many con- ion (Y3, Zr**) and anion (&, [J) species. Anion vacan-
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cies are found to prefer Zr coordination, and vacancy-smation enthalpies to within 10 meV. To enhance conver-
vacancy pairs aligifor “cluster”) as third nearest neighbors gence with respect to Brillouin zone sampling, we employ a
along(111) directions. We also find a large energy depen-Fermi smearing of the electronic occupancy with a fictitious
dence on the catiofZr/Y) configuration, which is quite in- electronic temperature of 0.2 eV. In certain structures where
teresting considering that cation-cation ordering has been athe bandgap turns out to be substantially decreased, a smaller
most completely ignored in the literature. Our calculationssmearing width of 0.1 eV is used to reduce the electronic
establish the complete crystal structure of the only experientropy below 1 meV/ion. All calculations use primitive unit
mentally identified ordered compouné,Zr;Y 40,5, and re-  cells, which in the case of the pure oxides means unit cells
veal the existence of new low-energy metastable zirconiawith from 2 (rocksalt structureto 40 (bixbyite structurg

rich ordered phases. In addition, a series of zirconiaatoms, and for the doped-zirconia cells considered here,
calculations for other additive systems demonstrates that ifi1—-23 atoms.

stabilizing with divalent(Be, Mg, Ca, Sr, Baand trivalent

(Y, Sc, B, Al, Ga, In oxides, anion vacancie_s i_n general Ill. PURE OXIDES
prefer to be close to the smaller of the two catideisher Zr
or the dopant ion With dopant ions similar in size to Zf, Pure zirconia exhibits three zero-pressure phases. The

vacancies show little preference, and are thus less likely tw-temperature monoclinic phase is stable up to about 1400
be bound to any specific cation site as the vacancies traverse at which temperature it transforms into a tetragonal struc-
the material. These results offer insight into the high conducture. At about 2650 K, this phase converts into the cubic
tivity of Y ,05- and SgOjs-stabilized zirconia, and highlight fluorite structure, which is stable up to the melting point of
In,O5 as a promising dopant candidate for high ionic con-zirconia (about 2990 K2° Several studies of these three
ductivity in stabilized zirconias. stable ZrQ phases have been reported previously using first-
The organization of the paper is as follows: Sec. Il de-principles method$?° Although some of the early ac-
scribes our theoretical first-principles approach, Sec. Il recounts failed to reproduce the correct energetic ordering of
ports our results for the constituent divalent, trivalent, andhe three zero-pressure polymorphs, the most recent reports
tetravalent oxides. Section IV presents an extensive study ¢fo not have this problem, and are quantitatively in good
yttria stabilized zirconia, including a detailed analysis of de-mutual agreemeri:****Since our LDA calculations for all
fect interactions and ordered compounds. Section V containgrconia polymorphs are in excellent agreement with many
our results and analysis for divalent- and trivalent-cation staof these previous reports, we relegate the results for these
bilized zirconias, and Sec. VI formulates our conclusionsphases to the Appendix. We emphasize here that the present
Finally, the Appendix displays some of the more technicalcalculations are based on minimal radii ultrasoft pseudopo-
results. tentials, keeping semicore states in the valence, and correctly
reproduce the experimental hierarchy of pure zirconia struc-
tures:EZ o, < Et2r02< EZo,. Where the superscripts identify

the three phases by their first letters.

The basis for the electronic-structure calculations is Among the trivalent pure oxides, those with intermedi-
density-functional theoryDFT),?>%* with core-electron in- ately sized cations (303, S6O;, In,03) all assume the
teractions described by ultrasoft Vanderbilt pseudo-bixbyite structure at low temperatures, while oxides with
potentials?* as implemented in the highly efficientasP  smaller cations order into corundum (&) and other ses-
code?® We expand the one-electron wave functions in aquioxide structures (BD;, Ga0s).3” Regarding divalent
plane-wave basis with an energy cutoff of 29 Ry, keepingadditives, the simple rocksalt structure is prevalent in oxides
semicore electrons in the valence for all cations. For thavith intermediate-sized cationfMgO, CaO, SrO, Ba®
exchange-correlation functional, we use the PW91 implewhile the oxide with the smallest catioiBeO) assumes a
mentation of the generalized gradient approximationzincite structuré/*8The computedGGA) and experimental
(GGA).?® To facilitate comparisons with previous DFT cal- structure parameters for these oxides are summarized in
culations and to assess the significance of adding gradiefitable I, while some of the details are left for the Appendix.
corrections, we also perform a series of YSZ calculation®verall, these results agree quite well with experiment, albeit
using the Ceperley-Alder implementation of the local-with the customary small but systematic GGA overestimate
density approximatiofiLDA),%’ both with and without semi-  of experimentally established lattice parameters.
corep electrons in the valence. The Appendix contains these
results. We solve the Kohn-Sham equations iteratively, and
optimize all atomic positions, cell shape, and cell volume
using a conjugate gradient algorithm until residual atomic The addition of even minute amounts of yttria strongly
forces are less than 0.03 eV/A. The Brillouin zone affects the structural integrity of the pure zirconia phases. As
sampling® uses increasingly more dense Monkhorst-Packaliovalent cations are substituted for Zr ions, vacancies are
k-point meshes, until acheivirepsoluteconvergencéto <1  created on the anion lattice to maintain charge neutrality. In
meV). In most cases, a (44X 4) k-point mesh is sufficient, the case of YSZ, one oxygen ion is removed for every unit of
although some cases require up to{(7x7) sampling. For  Y,Oj introduced into the zirconia. The most palpable crys-
stabilizing oxides other than yttria, a smaller 2X2) tallographic effect upon aliovalent doping is the rapid stabi-
mesh was used, which reproduces absolutely converged folization of the tetragonal and cubic phases towards lower

Il. METHODOLOGY

IV. YTTRIA-STABILIZED ZIRCONIA
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TABLE I. Experimental and calculateg@GA) structural param-  with lower coordinatior(see Ref. 41 for an extensive discus-
eters of pure oxides. The experimental values are reported extrapgion on this topit. Based on this argument, it has been sug-
lations to 0 K The lattice constants are all given in A, whil3  gested that the stabilization of the cubic phase arises from
denotes the rhombohedrak) or monoclinic (8) angle in degrees. the tendency for the Zr ions to assume the sevenfold anion
The superscript in the case of zirconia denotes the cubic, tetragonglgordination of the lowest-energy monoclinic phﬁ‘éél.
and monoclinic phases of ZgGsee text The experimentalroom-  gince cubic zirconia only offers eightfold-coordinated cation
temperatur)eresults are taken from Ref. 37, except those for ZrO sites, this lowering of the 2t ion coordination is presum-
which are taken from Ref. 39. ably enabled by the oxygen vacancies introduced upon the
aliovalent doping. Note that this model implicitly demands

3 (A) bo (A) co (A) a/B that vacancies closely associate with the Zr ions rather than
Expt. GGA Expt. GGA Expt. GGA Bxpt. GGA i antiongY3* in the case of YSE making strong predic-

Zro5 508 5.16 tions for anion-cation defect ordering in YSZ. In addition,
0, 360 3.65 518 5.30 this coordination-driven argument implies that the qualitative
zZr0f 515 523 521 530 532 541 99.2° 99.6° features of the anlon—cgtlon defect ordering should be inde-
Y,0, 10.60 10.77 pende.nt of Fhe type _o(itrl_valem? dopant used. .
S0, 985 9.99 Wh|'le t_h|s coorquﬂgn-dnven arg.ument cer_t{:unly has
B,O; 433 440 some intuitive appeal, it is based on simple er_nplrlcal obser-
ALO; 513 516 55.3° 55.3° vations and remains as of yet unproven. Obviously, the sta-

bilization mechanism depends critically on how the vacan-

I(?lagooe' 1563122 15633?8 55.87 55.8 cies are distributed within the doped zirconia, and as we will
2>3 : : demonstrate, this ordering can be quite counterintuitive.
BeO 2.70 271 438 4.40 9 q

Since the vacancies are also what provides the high ionic
conductivity of cubic stabilized zirconia by facilitating diffu-
Cal 481 482 sion of oxygen ions, an understanding of defect ordering in
SrO 516 5.18 this material cuts straight to the very essence of its ionic
BaO 552 568 conductivity.

MgO 421 4.26

temperatures when the dopant content is increased, as illus- A. Structures and energetics

trated schematically in the,05-ZrO, phase diagram of Fig. As explained above, a complete description of the avail-
1, redrawn from Ref. 40. able configuration space for cubic-stabilized zirconias must
The mechanism behind the stabilization of the high-include ordering and clustering tendencies on both cation
temperature zirconia polymorphs has been the subject afnd anion sublattices, as well as the interaction between the
some controversy**~*3The prevailing explanation is based two sublattices. As the doped zirconia systems are much
on observations that increasing covalency favors structuremore complex than the pure zirconia phases, the majority of
the computational work on these systems has been based on
(T) (semjempirical approache¥*' The recent studies by Gen-
nardet al®® and Stappeet al3* are, to our knowledge, the
2000 Cubic . only existing first principles study of yttria-stabilized zirco-
Zirconia nia. In the following, we describe our study of these three
ordering tendencies via the energetic dependence of the total
_ cation and anion configuration, as calculated from first prin-
Ne T ciples. To this end, we investigate 90 different hypothetical
phases - cation and anion ordered arrangements at several different
dopant composition&escribed beloyv Although our calcu-
lations are for zero temperatutee., no entropic effects are
_ included, they allow us to uncover the generic ordering ten-
dencies that exist in this system.
By combining ZrQ and Y,0O5 with mole fractions 1 x
and x, respectively, one obtains a YSZ stoichiometry given
by Zr,_,Y,,0,.. The energetics of this YSZ compound
0 IZ [T N N B can be expressed in terms of its formation enthalwith
0 20 40 60 80 100 respect to cubic Zrg),
ZrO, Mol % yttria Y,0;

T

1500

1000

Z
z
~
=

500

8-Zr Y,0,,
|

o ) AH=E[Zr; Y 2,0, ]~ [(1~X)E(Zr05) +XE(Y,05)],
FIG. 1. Schematic illustration of the ,05-ZrO, composition- (1)
temperature phase diagram, redrawn from Ref. 40. The monoclinic
and tetragonal phases are indicated by their first letter. Composthe (zero-pressupeenergy difference between the YSZ com-
tions where new ordere@inetgstable phases have been found arepound and the composition-weighted average of its constitu-
highlighted schematically. ent oxides. A negative formation enthalpy indicates the sta-
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bility of the compound relative to phase separation into the og0F +* T '+ T '+ T A' T T 1
constituent oxides, whereas a positive formation enthalpy in- 43
dicates that phase separation is preferred in the absence ¢ ,4F

entropic effects. % 0.10

Z 0.00f==2

010 F 2T . -
In the observed YO,-ZrO; phase diagran(Fig. 1), there 020k b o e 7]

exists only one intermediate ordered compound,  FZO, | A
5-Zr3Y 404,. The long-range ordering of this phase is often 010 T — T T T T T © 1
assumed to be correlated with the short-range ordering of the.. gl zro,” [ LP4 i
solid solution phase, and therefore connected with the ionic b T g
conductivity of YSZ. Thed phase is generally acknowledged 5010 BN e U T S =
to be based on the fluorite lattice, with ordering of the charge [~ e A e
compensating vacancies alod@11) directions. Although o 0.1 0.2 0.3 04 0.5
the cell vectors and anion ordering have been established ir Mol % Y,0,
neutron scatterirf§**“84%and other scattering experiments, _ _ _
the complete cation ordering has so far eluded experimental F!G. 2. Formation enthalpies (eV/Zr,Y O, formula unip
identification due to the weak scattering contrast between YO @n ensemble of symmetrically inequivalent YSZ structures at
and Zr ions and the possibility of cation disorder in the struc—{;‘:”_rr ﬁulfoirent compositions, as computed within DFT-GGA and
ture at high temperatures. i

In order to improve this situation, we have undertaken an
investigation of thes-Zr;Y ,0;, phase using first-principles distinct ways to remove the two vacancies from this structure
total-energy calculations, searching for the lowest-energy iomo yield the stoichiometry i ,0,, (with a total of 19 atoms
configuratiorts) without anya priori assumptions of the or- per unit-cel). There are 45 such possible configurations, and
dering on any of the sublattices. The only input to thesewe have calculated the total energi@bsolutely converged
calculations are two pieces of experimental informatiéh:  with respect to Brillouin zone samplihgand fully relaxed
the observed cell vectors arid) the observation that this geometries for each of these 4%9-atom configurations
structure is fluorite based. One might imagine that with thistrom first principles. We note that an analogous approach to
limited set of information, the number of possible configura-the one outlined above has recently been used to successfully

tions would be too large to sample efficiently with computa-g|ycigate from first principles the structure of another com-
tionally demanding electronic-structure methods. Howeverp|ex oxide phasex-Al,0;.%

with the aid of advanced lattice algebra techniques devel* The calculated formation enthalpies for the 45 YSZ struc-

oped for Ising-model studies of alloys, we Qemor)strate thaltures are shown in Fig. 2. Roughly half have a negative
one cancompletelysearch the allowed configuration SPACE o rmation enthalpy, and the one structure with the lowest

e he “winning” (mini p ; . . .
iggreslgintdiﬁg ;/gngrng émmlmum energy configuration AH we identify as the experimentally observéghase. We
i and thine the complete crystal structure of this DFT-deduded

The observed cell vectors are rhombohedral, ) ; . .
primitive cell contains onéfluorite-based formula unit, or ~ Phase in the Appendix. Despite the fact that no experimental

seven cations. Because the experimentally refined cation p#formation on the cell internal ordering was used to find this
sitions include some fractionally occupied sites, we cannotructure, the predicted low-energy phase contains vacancies
rule out the possibility that the true 2f,0;, ground state at Which are aligned along111) directions, in agreement with
this composition contains more than one formula unit in theexperimental refinements of th& phase?® In addition, we
primitive cell. In what follows, we assume a primitive cell of find that the only sixfold coordinated cation site in the
one formula unit(in accord with the observed cell vectprs phase is occupied by a Zr ion, as measured in scattering
and determine the energy-minimizing ion positions withinexperiments of YSZRef. 40 and other stabilized zirconia
this cell. systems?>°3 Thus, we consider that our assumption of one
The cation positions in the fluorite structure fall on an fccformula unit per primitive cell is reasonable. Vacancy and
lattice. Lattice algebra techniques have been de¥isesl  dopant ordering preferences among these 45 structures, as
enumerate the total number of possible binary fcc-based convell as other structures with different compositions, are dis-
figurations for a specified number of sites. Using these metheyssed in detail below.
odologies, we find that for a seven-atom fcc cell, there are
104 possible configurations, each with a large number of
ordering possibilities on the anion lattice. However, only two
of these distinct cation configurations possess rhombohedral Although the §-Zr;Y,O,, phase provides some under-
cell vectors. For each of these two seven-cation configurastanding of the ordering tendencies in YSZ, this particular
tions, 14 anions were placed in the fluorite positions, and @ompound has a higher yttria content than typically used in
symmetry analysis was performed to determine which of thezirconia-based electrolyte applications. For this reason, we
anion positions were symmetrically inequivalent. Armedfocus our study on the zirconia-rich part of the YSZ phase
with this knowledge, we then specify all of the symmetry- diagram, where we investigate the energetics and ordering at

1. Identification of the §-Zr ;Y 4,0, crystal structure

=)

2. “Artificial” cation superlattices
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several compositions more Zr rich than,¥,0,,. The com- 3. Ordered ground states
plete range.of compositions studiédith the mole fractions In a plot of energy versus composition, such as Fig. 2, it is
of yttria, x) is reasonable to ask what the staiav-temperaturg“ground
states” are. For a given ordered compound to be a ground
ZrsY,0., (x=0.40), state, it must satisfy both of the following criteriga) a

ground state must be lower in energy than any other structure
at the particular composition arid) a ground state must be

ZrY20;,  (x=0.33, lower in energy than any two-phase mixture of structures at
other compositions. A particular example of the latter crite-
Zr,Y,0p  (x=0.20), rion is that a structure must be lower in energy than a mix-

ture of the constituents axH <0 [Eqg. (1)]. Following these

criteria, one may find the ground states by a “convex hull”
ZrgY,015 (x=0.14). construction where tie lines are drawn between all low-

energy phases, and only the minimum-energy tie lines are

Although no ordered phases have been obséhiedYSZz retained. These segments must necessarily be convex up-

for x=0.33, 0.20, or 0.14, we chose to study these Compo\_/vard, since any concave downward region would indicate an

sitions as they allow for relatively simple and systematicinStabiIity towards phase separation between two neighbor-
ng phases.

characterization of the ionic configurations: Using the samé Gi h h dered ds but sheh
lattice algebra techniques as described above, we can enu- ©/VEN that no other ordered compounds but é&nphase

merate all of the possible cell shapes and configurations fd#2Ve been experimentally observed in YSZ, one would ex-
fluorite-based structures with two, three, and four cations peP€Ct the low-temperature ground states of this system to con-
cell. For Zr-rich compositions, these cells possess catiof!St Solely of Zr@', &-Zr3Y 401, and Y,05. As expected,
stoichiometries of ZrY(two cations, Zr,Y (three cations we find these thrge phases on _the convex hull within bot_h the
Zr,Y (four cations, or Zr,Y, (four cations. Because charge CGGA and LDA(Fig. 2). Surprisingly, however, the energies
conservation in YSZ requires half as many vacancies as doff several of the ZY,0;s structures fall below the Zr
ant Y ions, the ZrY, ZsY, and ZrY cation cells have to be + 8-Zr3Y 4O, tie line, and one of them even falls below the
doubled in order to yield an integer number of vacanciesZfOa+ 8-ZrsY 4Oy, tie line. This suggests new stable ordered
Many of these configurations correspond to a superlatticétructures with respect to cubic- and tetragonal-based YSZ,
stacking of cations along100), (111), (110, (201), and  Which, however, are metastable with respect to monoclinic
<311> We note that each of these Structur(em"ke the YSZ (although within LDA one of the structures aCtua”y
Zr3Y 4,04, structures described abowveontains only two ¥+ comes very close to the ZB& 6-Zr;Y 40y, tie line). These
ions and, hence, only one vacancy. For each catiofow-energy structures correspond tg¥rsuperlattices along
configuration, a symmetry analysis of the anion positiong311), which we denote “W1.” Because the 90 structures
was performed to determine all of the distinct possible placewe consider here are still a fairly limited sampling of the
ments of the oxygen vacancy. These artificial Zr/Y superlatavailable configuration space for YSZ, theg¥5O;5 low-
tices, when added to the 45,0, structures above, yield energy phase must be viewed as an upper bound to the true
a total of 90 structures considered here to sample the comenergetics of zirconia-rich YSZ. Since we can happen upon
figuration space of YSZ. For each of these structures, wene metastable compound at this composition from a very
compute the enthalpies of formation with respect to the purdimited sampling of configurations, it is quite likely that there
zirconia and yttria according to Eql). The computed for- are even lowerAH structures undetected. These lower-
mation enthalpies for all 90 structures are displayed in Fig. Znergy structures might very well fall below the ZtO
(some of the highest energy Af,O; structures fall outside + §-Zr;Y ,0;, tie line, and therefore in addition to the only
the graph, as indicated by the vertical arjoBelow we first  observed ordered phase in the YSZ phase diagram, there
make some general observations and then proceed in a sysust exist at least metastable and possibly stable zirconia-
tematic way to analyze the results in terms of the variousich phases that are yet to be observed.
energetically preferred defect interactions in this system. Whether or not new stable Zr-rich phases actually exist,
The large scatter in formation enthalpies among structuretheir observation could be hampered at low temperatures,
with the same composition but different defect orderingwhere it takes prohibitively long times to reach thermody-
gives a first indication of how sensitive the energetics are tmamic equilibrium due to exceedingly sluggish cation diffu-
the relative positions of the defects. In particular, the strucsion. It is imperative to realize at this point that these new
tures with the stoichiometry Z¥,0; (which includes the zirconia-rich ordered phases are important not just at low
pyrochlore structunedisplay a wide range of formation en- temperatures, but also at elevated temperatures where the
thalpies, but they are almost all positive, i.e., unstable withdisordered solid solution is stable. The reason is that rem-
respect to phase separation. The high energy of théX3;  nants of the low-temperature long-range order, even for
structures is consistent with the fact that such ordered struenetastable phases, are likely to survive as short-range order
tures have eluded observation, and an early report of thim the high-temperature solid solution phase, which in turn
existence of a pyrochlore structure in this system is likelyaffects defect interactions and consequently ionic diffusion.
spurious>* This connection between long-range and short-range order-
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ing tendencies is a very common occureiias exemplified 1 1 1 T 1T 1T "1 "1 "1
by the (111) ordering of vacancies in YSZ solid solution ~ *13["[e INN<100-A . 7
regimes where thé phase is unstablealthough exceptions 010} = 2NN 51105 A .
have been noted in some metallic alloys. The classification _ - |5 aovesed " ee .
of all of these long- versus short-range order types can beg 0.05f|o 3NN<111>B ° ®~ ° f —
understood in terms of the energetics of the ordered, random 5§ i ° .m ° ',' T
and phase-separated states of the system in quégtion. % 0.00 -_ ............ E'Elom ........................ _-
= 005} @ : . "a . -
B. Defect interactions ook ® - “ o ]
We have already indicated that the defect interactions in T % -
yttria-stabilized zirconia can quantitatively affect formation  -0.15f- . m
enthalpies and even qualitatively decide the type of long- oa 2'.6 ' 2?3 ' 3'.0 ' 3'.2 ' 3'.4 ' 3'.6 ' 3'.8 =40

range ordering that will occur at low temperatures. Since
both short-range ordering and long-range ordering are prone
to decrease ion mobility, it is essential to have a good under- FG. 3. F . thalbiegeV/cati
standing of the various types of defect interactions that tak(?irconié sépa?;?:nlofgrear:l ZSpIdeiiinccti/I?j?ﬁgl’senr:]:;nova((::irr]:y-

. . H 412 -
glr?zflflsliz YO?Z'thLO f/r;ia?]g’v\gsazale szggg?yego%adn?talfngounds as computed within DFT-GGA. The data are categorized

: e T ) ’ ccording to the three possible vacancy-vacancy stENSI, 2NN,

dopant-dopant interactions in fluorite-based YSZ com-5 g P y y St

. NN) and illustrate how the vacancies prefer being third nearest
pounds, both in the observedtZr;Y, O;, phase and the neighbors(in (111) directions to each other and nearest neighbors

Mean Vacancy-Zr distance (1&)

newly predicted zirconia-rich ordered compounds. to the host Zt* ions. Within each vacancy-vacancy shell, the data
] _ are further separated into two subsets for each of the two distinct
1. Vacancy-vacancy interactions cation structural possibilities “A” and “B.”

Compared with the nominal charges of the host'Zand ) i , ,
0% ions, the ¥* ions and anion vacancies can be viewed"ith next-nearest-neighboring vacanciggong (110) fall
as point defects with charges—1 and 2+, respectively. N between these two extremes. Thaar calculations dem-

Thus, from simple point-charge electrostatics, one would ex?NStraté a vacancy-vacancy repulsion, consistent with both

pect the vacancies to repel each other. Diffuse neutron angdMPI€ electrostatic considerations and experimental obser-
x-ray scattering experimerf04843s ggest that there is a vations of vacancy clustering alpr(gll) directions

strong tendency for anion vacancies to align algid) Note that for the Z5Y,0,, stoichiometry, the amount of
directions in both the solid solution fluorite phase of zirco- Y~ 10nS, and therefore the number of vacancies, is quite
nia, as well as the ordere® Zr5Y ,0,, compound. Out of the 12rge (40 mol % Y,Os). Hence, the largest attainaliini-

four different YSZ compositions we consider here, only theMa) vacancy-vacancy separation for any of these structures
structures with thes-phase composition offer a way to ad- IS third nearest neighbot8NN). For more dilute composi-

dress this issue since there are two vacancies per unit cell §PnS, at the higher temperatures where the cubic phase re-
Zr,Y 404, (in the other compositions we study, there is 0n|yma|ns, the vacancies could conceivably space themselves at

one vacancy per unit cell, and thus no way to isolatedistances greater than third neighbor. If the vacancy-vacancy

vacancy-vacancy interactions To calculate vacancy- ordering were driven purely by electrostatic considerations,

vacancy and vacancy-ion distances, it is necessary to fir@n€ would expect that the vacancies would repel one another
define the vacancy positions. For the perfect fluorite lattice@! @ll distances. Recent diffuse scattering measurefiests

the vacancy positions are well defined, and for the relaxedhe cubic solid solution phase wittr10-24 mol % %0,

cells, we simply take these ideal fluorite cell internal posi-ShQW vacancy pairs clustering alofgll) as third nearest
tions as the vacancy coordinates, which are admittedly iln€ighbors. Mechanical and dielectric loss measurements of
defined due to asymmetric ionic relaxations. Figure 3 show§ingle crystql%ﬁ also support th¢111) directionality of va-

the computed formation enthalpies versus averag&ancy orderl_ng. _These _measurements demonstrate that the
vacancy-Zr distance for the 45 Zf,0,, structures. These defect ordering in YSZ is more complex than rendered by
45 data points are categorized according to the smalle®Ure electrostatics, and as we show below, the vacancy-
vacancy-vacancy distance.g., first, second, or third neigh- dopgnt ordering tendengy competes with the electrostatic re-
bor) and also with respect to the two cation ordering possiPulSion between vacancies.

bilities (labeled “A” and “B” ). With regard to the vacancy-
vacancy ordering, we note that in Fig. 3 there is a strong
correlation between the formation enthalpies and the mean Simple electrostatics dictates that oppositely charged cat-
vacancy separation: instances where the two vacancies areias and anion defects should attract each other. For instance,
far apart as possibléthird nearest neighbors alond11) Y ions and oxygen vacancidsvith point charges + and
directiong are clearly the most favorable structuré®., 2+ with respect to the host iohshould bind electrostati-
have the lowest formation enthalpjemcluding the ground- cally. On the other hand, the lowest-energy monoclinic phase
state$ phase. Structures with nearest-neighboring vacanciesf pure zirconia contains seven fold-coordinated Zr ions,
(along(100)) are all significantly higher in energy, and those whereas the perfect fluorite phase only offers eightfold coor-

2. Vacancy-dopant interactions
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dination. This coordination-driven tendency would imply  TABLE Il. Energetic and structural information for the six cat-
that vacancies should prefer to be closer to Zr ions so as t@n configurations within the 2l ,0; stoichiometry. Given are the
reduce the 2Zr coordination. Indeed, recent neutrorformation enthalpiesH (eV/cation for the lowest-energy vacancy
scatterin@o and extended x-ray absorption fine Structureplacement in each cation configuration, as computed within DFT-
(EXAFS) experimentée*lg as well as first-principle°’§ and GGA. The nearest-neighbor cation pair correlatiofanalogous to

. - L. 45 . - the Warren-Cowley short-range order paramdteticates the num-
semi-empirical calculations;™ all point to the association

; . . . . ber of unlike nearest-neighbor cation-cation pairs, with negative
of vacancies with Zr rather than the Y ions, in cleardlsa\greezpositive values indicating the propensity for Zr-¥Zr-zr and

ment with simple electros_tatk_: considerations. However, 85.v) bonds.n,, andny are the local coordination numbeis., the

we show below, the coordination-based argument alone canmper of oxygen neighbardor each of the four cations in the

not expl_aln the observed Zf-[J o_rderlng tendency. cell. The notation in the leftmost column is for these purposes just
We first note that our calculations fully corroborate pre-meant to identify the different cation structures, and the superlattice

vious findings of Z#*-[0 association for all four composi- stackings and orientations are given.

tions considered here. To illustrate this point, we once agaia

refer the reader to the Y 4,04, results in Fig. 3. It is evident  Structure Cation Nz Ny AH (eV) a
from this analysis that within each vacancy-vacancy coordi- superlattice

nation shell, there is a significant increase in the formation

enthalpy (towards positive valugs with the average W2 ZY, (31) 76 87 -0018 —1/6
vacancy-Zr separation. Identical trends are found for the'2 ZrY, (110 76 87  +0.080 0
other stoichiometries. Thuthere is a clear driving force for CH Y, (210 7,7 77 +0.088  -1/3
the vacancies to closely associate with the Zr ions ratheV2 Zr)Y, (11 88 75  +0.207  +1/2
than the dopant ions, in contrast to simple electrostaticZ2 ZrY, (100 88 66  +0.331  +1/3
point-charge considerations CA Zr,Y, (100 86 86 +0.371 —1/3

From our ZgY ,04, results, as well as those of other more

zirconia-rich compositions, we find that the most energeti-

cally favorable structures have a pair of vacancies associatgdgument for why anion vacancies would prefer to bind to
with a single Zr cation. In this most favorable case, the cenOne or the other of two different-sized cations. Recent first-
tral Zr ion is sixfold coordinated, demonstrating that the ar-Principles calculations show that anion-cation ordering in

gument of the sevenfold coordination in monoclinic ZrO cubic-stabilized zirconia is dictated by elastic interactions,
cannot fully explain the Zf-[] association. While this re- which are strong enough to overcome electrostatic fottes.

sult is yet to be verified experimentally for YSZ, scattering
studies with dopants other than yttigelding a higher Zr-
dopant contragthave shown that, whenever cation ordering The interactions between dopants on the cation sublattice
is observable, it is always the smaller of the cations thats a virtually unknown subject. Scattering experiments have
assumes the sixfold coordinatfa-in excellent agreement difficulty in distinguishing between Zr and Y ions, and al-
with our calculations. Indeed, both experimental and recenmost no theoretical work has been devoted to this issue.
model-potential studies have found that for many of theX-ray scattering data for zirconia stabilized with other triva-
smaller dopant ions, vacancies in stabilized zirconia actuallyent metal ions with a higher contrast difference to Zr ions
prefer to bind to dopants rather than host ions. We investihave suggested that there are indeed ordering tendencies also
gate this point from first principles beloee Sec. Y. on this sublattic&®

For the sixfold-coordinated Zr cation, a competition en-  Since there are only two distinctly different cation order-
sues between the Zf-00 ordering tendency and tHe-[] ing possibilities for the rhombohedral £f,0,, compound,
repulsion. The repulsion between the pair of vacancies sutthis is not a very instructive case to assess dopant-dopant
rounding a single cation is minimized when the vacanciesnteractions(despite the large number of anion ordering pos-
align as 3NN, alond111), providing an explanation for the sibilities). The composition that best serves our purposes
results of the previous section, as well as the experimentdiere is that of the pyrochlore (£¥,0) structure, where we
findings of (111) vacancy pairs in dilute compositions, have considered six different cation ordering possibilities.
where the vacancies could conceivably be further apart thaRor each cation configuration, a symmetry analysis was un-
3NN. Therefore, although the vacancy-vacancy interaction islertaken to isolate all possible inequivalent vacancy sites,
at least qualitatively in accordance with simple electrostaticsand first-principles calculations were then performed for all
the vacancy-dopant interaction is in qualitative contradictionof these configurations. The formation enthalpies corre-
with electrostatics and indirectly affects the vacancy-vacancgponding to the lowest-energy vacancy placement within
interaction in a profound way. It is thus clear that the com-each cation arrangement and nearest-neighbor pair correla-
plexity of defect ordering in YSZ stretches beyond meretion are given in Table Il. From this limited amount of data,
electrostatic effects. the following conclusions can be drawfi) The energetic

Several semiempirical studies have recently pointed outonsequences of cation ordering are substantial, as noted
that the defect ordering is affected by long-range relaxationfrom the large spread in energies, diidl the ordering effect
in the ionic crystaf*4° Within these studies, it was found is not “simple,” since it does not follow the nearest-
that the anion relaxation into the vacancy depended stronglgeighbor correlation(iii) There is a clear energetic prefer-
on the size of the dopant ion, presenting a size-dependeence for lower coordination of Zf and higher coordination

3. Dopant-dopant interactions
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of Y3* by oxygen ions. This fact is again a manifestation of V. OTHER ALIOVALENT DOPANTS

the energetic tendency for Zr-CJ association.(iv) The The rationale behind choosing yttria-stabilized zirconia as
lowest-energy structure, “W2,” has 11) cation superlat-  the electrolyte material in many electrochemical devices is
tice stacking, consistent with th@11) low-energy W1 su- jts combination of high ionic conductivity and chemical sta-
perlattice found for the ZlY ;0,5 composition. This prefer- bility under a wide range of partial oxygen pressures. Al-
ence for(311) structures in the fluorite based lattice shouldthough there are a number of electrolytes with a higher ionic
be contrasted against the preference for other cation orientgenductivity, none of them has yet been shown to be as
tions ((100), (111), and(210)) found in fcc, rocksalt, and stable as zirconia-based electrolytes with respect to thermal
zinc-blende based systertsee Ref. 58 Beyond these four aging and oxidizing or reducing environments. There is thus
statements, it is not possible with the present body of data tgreat incentive to learn whether other dopants or dopant
establish any quantitative statements about dopant-dopant igombinations can increase the ionic conductivity, while
teractions. The complication is that the vacancy-vacancymaintaining the chemical integrity and other appealing prop-
vacancy-dopant, and dopant-dopant interactions are afties of YSZ. . _
coupled, and in principle often inseparable. For instance, one EXperimental studies of aliovalent dopants other than yt-
might argue that since vacancies repel one another, and aféd in the cubic phase of zirconia have been plentiful. Al-
attracted to Zr more than to Y, thg-0J and CJ-dopant in- though there are often quantitative d|scre_zpanC|es b_etween re-
teractions indirectly cause the Zr ions to separate from ongorted C‘?ndUCt'V'ty data, ma'”'y due to differences in sample
another as much as possiliee., the Y ions also separate preparation and thermal h.|story qf the elect(olggee Refs. 3
from one another as much as possibEhus, it is difficult to and 21 for a comprehensive revigwthe qualitative features

p ,

. . ; . seem firmly established: The dopant ions besidé$ at
estabh_sh with c_ertamty Whether the_catlons_order .due to .eleciield the highest conductivity in cubic zirconia, especially in
trostatic repulsion between like cations or if the like cations

: » . . . fresh (unaged samples, are the late lanthanides and*Sc
simply are “dragged apart” by the ordering on the anion andWhich has been reported to surpass evéit ¥ terms of
anion-cation lattice.

. ! o _ionic conductivity®* However, there is no one dopant candi-

Since there is no easy diffusion channel for the cationsgate that clearly stands out as being superior overall to the
their mobility is orders of magnitude lower than the anionperformance of YSZ. Given the number of possible additive
mobility, which is facilitated by the charge compensatingajternatives, the often poorly known phase diagrams of these
vacancies. Thus, the cation ordering is much more sluggisBxide systems, and the wide range of concentrations to be
than the anion ordering, and therefore more prone to be se’ampled, it is clear that a purely Edisonian approach is likely
sitive to the processing of the electrolyte. Depending on theo be inefficient. If zirconia systems with more than one
specific preparation and thermal history of the electrolyteadded oxide component are considered, an unguided ap-
material, it is therefore likely that one will obtain a system in proach becomes quite intractable. By extracting trends from
partial equilibrium, in which the catiofZr-dopanj distribu-  experimental results, one can try to gain some insight into
tion is kinetically frozen into nonequilibrium configurations. what properties of a dopant make for a highly conducting
Meanwhile, the anions are typically sufficiently mobile dur- electrolyte. Several systematic studies have found a strong
ing this process to adapt to whatev@hort-range and/or correlation between electrolyte conductivity and the ionic ra-
long-range ordergdcation configuration is reached in the dius of the dopantion. Experimental studies have measured a
process of minimizing the free energy of the system. Thes@?onggg”'cany increasing conductivity with decreasing ion
considerations add to the lack of experimental consensus q[?rilza?’t'he"i‘ghr:‘é ssr:gluegt]is;tr;/czle;s;cg:jattlf(z)r:sd gszr?;st\?vitiui?l?sft
thev\c/ig pcir:]tcfiuc()jpeapgis r::;:)% IB stab_|l|zed zireonta. ediate radii(namely, near that of the zirconia ip#*°

y noting that the above result

bear significant implications for the deterioration of ionic ere we employ highly accurate and predictive first-

conduction upon thermal aging. It is clear at this point thatprmC'pleS calculations to gain some insight into these mat-

part of the aging process can be reversed by highters and assess the validity of less accurate empirical models.

temperature exposure, as noted in recent YSZ experirfents, 2, <eep the problem tractable, we capitalize on our newly
P posure, ) P .~‘gained insight into the mixed defect ordering of Y&3ec.
On the other hand, it is also quite clear that part of the agin

e . ) , ) to carefully choose an ensemble of calculations for a
process is irreversible since the system always strives Qg|ecteq set of trivalent and divalent dopant oxides.

lower its free energy, also noted repeatedly in conduction
experiments:?! In the absence of a detailed thermal analysis
of the YSZ system, it is premature to draw specific conclu-
sions about the connections between defect ordering and As a representative structure, we choose the W1 superlat-
thermal aging in YSZ electrolytes. It does seem likely, how-tice as described in Sec. IV A2: This structure consists of a
ever, that both reversible and irreversible aging are inti-Zr3/X; cation stacking along311) (whereX represents the
mately connected witl{short-range and long-rang@nion  dopant ion, and corresponds to the low-energyg¥50;5

and cation ordering in the solid solution of stabilized cubicstructure found in Fig. 2. The oxygen iofand vacancies
zirconia. We are currently developing a coupled-cluster-are placed in the fluorite positions. By altering the placement
expansion scherfiéto investigate finite-temperature order- of the vacant anion sites, this structure affords the possibility
ing phenomena using Monte Carlo techniques. of examining several distinct vacancy-dopant geometries.

A. Prototype structure
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FIG. 4. Schematic illustration of the variations in vacancy- = o .

dopant bindingsE as an anion vacancy traverses the oxide. 3 0'08 - . LIoA E

In the case of the trivalent dopants, we replace two Zr ~0.10F E .

ions with two dopant ions and remove one oxygen ion from ok g- .

the oxygen sublattice. Thus the W1 structure with trivalent 0,14 — ® M I B B
o 0z 04 06 08 1.0 12 14

dopantsT3* corresponds to a stoichiometry of Z50;s.
Within this trivalent W1 structure, there are three substruc-
tures with varying vacancy-dopant distance, from first to
third neighboring coordination shells. In the case of the di- FIG. 6. Difference in formation enthalpfeV/cation between
valent dopant ionD?*, we begin with the same W1 cell 1NN and 3NN vacancy-dopant arrangements for trivalent and diva-
shape, but now substitute only one Zr ion for one dopant iorient dopants in the Zi¥,0,;5 W1 structure as computed within
and simultaneously create one anion vacancy for chargbFT-GGA.
compensation. This subsitution gives a stoichiometry of
Zr;D,05 for the divalent dopants. Within this modification positions in the W1 structure are shown in Fig. 5 as a func-
of the W1 structure, we now find four different ways 10 {jon of jonic dopant radius. Note that these energies are all
arrange the dopant ion with respect to the anion vacancy. FQlompted with respect to cubic zirconia and the respective
each of the trivalent and divalent dopants, we compute the it ent dopant oxide, and that the ionic radii, which are
enthalpy of formation for all vacancy-dopant arrangementsnot exactly well defined, are all taken from a single source
We then focus on three _quantities fpr each dopant as th ef. 60 for consistenC)’/. A clear trend emerges from this
vacar_1cy-_dopant distance is chanded illustrated SChemf%“' figure: The formation enthalpy is always positiiedicative
cally in Fig. 4: (1) Fhe overall lowest value for the formation of a phase-separating tendendgr dopants with radii dis-
enthalpyAHVXl (F!g. 9. @ thg preferred vacancy-dopant tinctly different from that of z#*, with the most positive
separationsEy, (Fig. 6), as defined below, an@®) the over- 5,05 for small dopant ions. For dopants with an ionic ra-
all maximum change in bindingEy, (Fig. 7). Although the s near that of Z+* or slightly larger, however, the forma-
choice of W1 cation superlattice may seem a bit arbitrary, Wgjqn enthalpy is always negative, indicating the stability of
have found this structure to be energetically favorable in thecompound formation with respect to phase separation. Thus,
YSZ system, and as we show below, it serves to demonstra]@my for “size-matched” (or slightly largey dopant ions
the generic ordering tendencies for a wide variety of dopanfyas one obtain long-range ordering in zirconia-based sys-
systems. tems.

This calculated trend is entirely consistent with the ex-
perimentally determined phase diagrath&rO, stabilized

The formation enthalpies for an ensemble of trivalent and
divalent dopants corresponding to the lowest-energy vacanc

Tonic radius (A)

B. Formation enthalpies
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Tonic radius (A)
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FIG. 7. Maximal variations in the dopant-vacancy binding en-

FIG. 5. Formation enthalpiegV/cation for trivalent and diva-  ergy(eV/cation as the vacancy-dopant separation is increased from
lent dopants in the Zl,0,5 W1 structure, as computed within 1NN to 3NN for a number of divalent and trivalent dopants in the
DFT-GGA. ZrgY ,0.5 W1 structure of zirconia.
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with Y,0;, S60;, Ca0, SrO, and BaO all show observed pect to discern changes in the energetically preferred
ordered compounds where our calculations yitld,,,<0. Vacancy-dopant separation preference as the ionic radii var-
On the other hand, ZrOdoped with BeO and AD; shows  i€s with dopant.

phase separation in the measured phase diagrams, consistenf ©" these purposes, we compute the difference in the for-
with our calculations ofAH,,;>0. We are not aware of mation enthalpy between the W1 1NN and 3NN vacancy-

experimental information concerning the compound-formin QOlp:)antGC(_)rr;]f_lguratllon_ forheach dolgf;?t'rngreprlggtfgefzglets
versus phase-separating tendencies of the ,B¢D;, N F1g. 6. This analysis shows a ¢ P v Y

dopant association for dopants with small radii and
210,-G8,03, or Z10,-In;0; systems, although our calcula- vacancy-Zr association for large dopants, with the crossover
tions yield AHy,;>0 for each of these systems in the W1

point right at the radius of Zr—all in excellent agreement
structure. In the Zrg-MgO system, although the measured i, semiempirical studie&*>The one significant exception

phase diagraftt shows no ordered compounds, our calcula-tg this clear trend comes from the smallest of the considered
tions for the W1 ZfMgO,s structure produce a slightly nega- gopants, B, which is also the dopant with the highest forma-
tive formation enthalpy. Thus, our calculations demonstratgjgn enthalpy(i.e., most unfavorab)ein the W1 structure. In
that as-yet-unobserved ordered compounds likely exist in thgddition, the largest of the considered dopants, Ba, shows a
ZrO,-MgO system at low temperatures, but from our presentlight energetic preference to go against this trend as well. It
calculations, we cannot predict the finite-temperature stabilis unclear at this point whether this is just an artifact of our
ity of these phases. limited sampling and large span of considered ionic radii or

The formation enthalpy tendencies of Fig. 5 give a globalif possibly the vacancy-dopant association tendencies are
indication of compound-forming versus phase-separatingven more complicated than first anticipated.
long-range orderingtendencies in an alloy system. The
stable long-range order involves energy differences between o o o
compounds with different compositions, such as the forma- D. Vacancy-dopant binding vs ionic conductivity
tion enthalpy of Eq.(1). However, to understand the local To determine the variations in the binding strength of the
effects ofshort-range defect orderingn these systems, we vacancy-dopant complexes in each of the aliovalently doped
must examine the energetics of various configurations of desystems, we next compute the maximum change in binding
fects, all at the same composition. This distinction betweerenergy SEy; as the vacancy position and the concomitant
long- and short-range ordering and the contributing energyacancy-dopant separation is changiedm 1NN to 2NN to
differences involved has been discussed in detail for metalli@NN) as illustrated in Fig. 4. These variations in the
and semiconducting systers. vacancy-dopant binding energies are shown in Fig. 7 as a

function of the ionic radius of the dopants. Again, a clear
trend emerges from these results: the smallest variation in the
C. Defect ordering binding energy between dopant ions and vacancies occurs
_ . L .___for dopants which are nearly “size matched” with %Zr.

In Sec. I\_/' we establish that f|_rst-pr|nC|pIe§ calculations s yrend in the binding energy has important implications
and the majority of recent experimental studies show thaf, 5145 understanding the ionic conductivity in these sys-
anion vacancies in YSZ prefer to associate with host ion§ems. For systems with a very small binding energy variation
rather_than thg dopant ions, despite garller repqrts of th?e.g., Sg05-doped ZrQ), the vacancies are unlikely to be-
opposite ordering. The natural question then is to aslgome bound at any particular coordination shell to a cation
whether this is a general behaVior, or pal’ticular to the case @ne because there is no particu|ar Vacancy-dopant arrange-
YSZ. EXAFS studies have demonstrated that vacancies prenent that is preferred over another. Interestingly, the same
fer Zr coordination when the zirconia is doped with thetrend was reported in a recent semiempirical stttdgem-
small-radius cation erbium and dopant coordination in theonstrating the utility of such considerably simpler theoretical
case of the large-radius cation lanthantinGiven the vast descriptions. The good agreement between semiempirical
disagreements in the literature of the much more well-and first-principles studies might be unexpected for such a
studied YSZ, one might be tempted to question the concluhighly complex mixed ionic-covalent system, particularly
siveness of this observation. However, recent semiempiricajiven that previous attempts at describing conceptually sim-
calculation§**° corroborate these ideas, showing that vacanpler aluminum oxides using similar interatomic potentials
cies actually prefer to associate with the dopant ions rathefiave been considerably less successful. As discussed in Ref.
than Zr host ions, if the dopants are small enoggimaller 57, the likely explanation comes from the fact that teka-
than the Zr ion. Our calculations for the W1 structure let us tive ordering tendencies between different isovalent dopants
independently assess this issue from first principles for @ zirconia are largely governed by elastic interactions,
number of divalent and trivalent dopants. In both sets ofwhich are easier to capture in model descriptions than com-
calculations, the individual and avera@bere are two dop- plex electronic interactions.
ant cations and one vacancy per W1 relcancy-dopant At low electrolyte temperatures, bulk anion mobility is
separations vary from 1NN to 3NN, depending on the placedictated primarily by kinetic barriers to vacancy diffusion.
ment of the vacancy in the cell. Although the number ofAs the electrolyte temperature is increased, however, va-
studied configurations for each individual dopant is signifi-cancy hopping becomes sufficiently fast so that the relative
cantly smaller than in our extensive YSZ study, we still ex-binding of the vacancy with regard to the dopant environ-
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ment starts to play an increasingly more important role. TABLE lll. Compilation of theoretical and experimental results
Thus, especially at high temperatures, a small binding biafr the relative energetic ordering of the three zero-pressure zirco-
pointed out in semi-empirical studié&*> Indeed, the Phase in units of meV/cation. A negative valueds;_ (9Em-c)

S 05-stabilized zirconia system, which has one of them_d'_Cates a higher formation enthalpy for the tetrag_o@abno-
smallest binding biases in our study, has the highest Condug-“n'c) over the cubic phase. The leftmost column indicates the
L . " . exchange-correlation functional, the next one the choice of basis
tivity of any known binary doped -Z|rcon|a-1. Other SySt.eisets for expanding the wavefunctigfW-PP=plane-wave pseudo-
also observed to possess relatively high conductivitie

(Y,05- and CaO-dopedalso are calculated to have a rela %otential, FLMTO=full potential linear muffin-tin orbital
23" - -

tively small vacancy—Qopant b.inding variat.ion. Furthermore,y ~¢ Method Reference  oF, . OE, .
all of the late lanthanide stabilizers experimentally noted to
yield good ionic conductivity in cubic zirconidit perfectly ~ Expt. 69 —57 —120
into this simple model in terms of valency characteristics and-DA PW-PP  Presentwork —35 -82
ionic size. These considerations also suggest thadAand PW-PP 32 -20 —60
B,0O; doping of ZrG are likely to produce vacancies which PW-PP 36 —45 —-102
are strongly bound to certain cation sites, and therefore, PW-PP 34 —48 -112
likely poor conductors. ELMTO 29 —49 ~105
In addition to explaining well-established experimental PW-PP 30 +99 —46
trends, our calculations also point to another particularlygga-Pwo1 PW-PP  Present work —82 —188
promising dopant material: from Fig. 7 we note that PW-PP 32 -80 ~170
In,O5-doped ZrQ parallels the SgO; system in terms of Gga pRE PW-PP 32 -80 ~190
having a small binding energy variation with respect to dif- ;¢ a1 _8 45

ferent vacancy-dopant separations. Thus, within the assump-
tions outlined above, we highlight J@; as a dopant likely to

produce high ionic conductivity in cubic zirconia. Another Since the number of possible defect arrangements even at a
interesting point in favor of I5Oz-doped ZrQ is that the  single composition is very large and first-principles diffusion
AH of the ordered Zjin,0,5 compound in Fig. 5 ipositive  barriers are prohibitively computer intensive, we have only
whereas it is negative in both the 8% and Y,O; doped  started to unravel the mechanisms, anisotropies, and activa-
systems. This could indicated that@s-doped ZrQ is less  tion energies, for vacancy diffusion in stabilized zirconia.
susceptible to ordering tendencies, which can degrade coFrom several such calculations for theyZ;0,, composition
ductivity and lead to deleterious aging effects. While a moraye can so far formulate the following conclusion(®: the
extensive investigation of yD;-doped ZrQ (ISZ) would  vacancy diffusion is highly anisotropiéij) it often involves
have to be performed to more firmly establish these conclua considerable distortion of the ionic lattice, afid) the
sions, our preliminary results point to a less ordered solidange of computed activation energies is quite wide, yet so
solution phase in ISZ than in YSZ or ScSZ. The few existingfar limited to about 1.4 eV. These barriers are of the same
(experimental reports on the conductivity of §®;-doped  order as the effective activation energies measured in stan-
Zr0,,%2~%all report a high conductivity in this system, com- dard 8—10 mol % YSZ electrolytes, about 0.7—1.2 eV, de-
parable or even better than that of YSZ. Further investigatiopending on the thermal history of the oxié2To put these
of this dopant system is thus justified, especially since ionimumbers in perspective, a diffusion process with an activa-
conduction in ISZ has not been nearly as well studied tion energy of 0.11.2) eV occurs on the order of once every
optimized as in YSZ. Finally, we note that while we do not picosecond(nanosecondat an electrolyte temperature of
find any defect states in the band gap of the few representa000 °C(assuming a normal prefactor of aboutd6* and
tive structures of 1pO;-stabilized zirconialor any other of  ignoring geometrical influencg8® Thus, even processes
the dopant systems considered here for that matteés par-  with a “large” barrier happen quite readily at such elevated
ticular system has been noted to exhibit a small degree abmperatures, typical in electrolyte applications. Conse-
electronic conductior{ionic transference number0.9) at  quently, it is not so surprising that experimentiahpedance
higher dopant concentrations. spectroscopystudies often find that the rate-limiting process
At this point, one might wonder how a few select thermo-in state-of-the-art(anode supported thin-film electrolyte
dynamic calculations can possibly capture the complex kisolid-oxide fuel cells often is contained in electrolyte/
netic phenomenon of ionic conduction in defect-stabilizedcathode or electrolyte/anode interface processes rather than
oxides. Clearly, these first-principléparameter-freecalcu-  solely in bulk electrolyte vacancy diffusidii®®
lations present some persuasive arguments that this is indeed
possible by correctly identifying the experimentally estab- VI. CONCLUSIONS
lished best ionic conductors. To complement our thermody-
namic considerations, we have embarked on a kinetic study In summary, we have combined powerful lattice algebra
of ionic conduction in YSZ. Specifically, we have used atechniques with modern state-of-the-art first-principles den-
sophisticated transition-state search techni¢the nudged sity functional calculations to clarify the ordering and clus-
elastic band meth&d to compute the activation energies for tering tendencies in yttria-stabilized zirconia. We have then
vacancy-mediated oxygen diffusion in YSZ electrolytes.used these findings to assess the vacancy binding preferences
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TABLE IV. Comparison between LDA and GGA formation en- TABLE V. lonic coordinates for thes-Zr;Y 40,5 structure, as
thalpies for the YSZ pyrochlores with and without includipglec-  computed within DFT-GGA. The fully relaxed cation and anion
trons in the valence. Note that the formation enthalpies are quiteoordinates, as well as the ideal anion vacancy positeiss, are

generally shifted down in the GGA. given in scaleddirec) space, with the matrix multiplietunit cell
vectorg for conversion to Cartesian coordinates provided in the first
LDA GGA three lines &,—ag), in units of A. The last column shows the co-
Structure AH, AH, AH, AH, ordination numben for cations, anions, and anion vacancies.
CH 0.177 0.127 0.130 0.088 Unit cell vectors
Y2.a 0.155 0.121 0.117 0.080
Y2.b 0.167 0.144 0.147 0123 @& 5.2832 2.6498 2.6099
V2.a 0.536 0.471 0.450 0.383 & —2.6055 5.2569 2.5793
V2.b 0.309 0.278 0.275 0.240 —2.6754 —2.7939 5.4271
V2.c 0.254 0.226 0.239 0.207 lon S1 S2 S3 n
v2.d 0.529 0.465 0.444 0376 Zh 0.4600 0.1331 0.7602 0
Z2.a 0.710 0.600 0.633 0.525 0.2543 0.4384 0.0969 0
Z2.b 0.615 0.507 0.565 0457 22 0.8571 0.2857 0.4286 O
Z2.c 0.395 0.331 0.397 0331 Y1 0.9913 0.9829 0.0391 0
W2.a 0.062 0.051 0.042 0.029 0.7230 0.5885 0.8180 0
W2.b 0.160 0.141 0.136 0112 Y2 0.1580 0.6715 0.5623 0
W2.c 0.062 0.045 0.015 —0.006 0.5563 0.8999 0.2948 0
w2.d 0.039 0.027  —0.003 -0.018 O 0.2874 0.1144 0.0036 £Ys
0.4269 0.4571 0.8536

, _ _ , e 0.6678 0.8736 0.9941 23

for a suite of other trivalent and divalent dopants in addition 0.0465 0.6978 0.8630
a1 X X T . . .

to Y°". We find that anion vacancies in YSZ repel each 0.7690 0.2072 0.7326 2v
other at short separations, but show an energetic preferencé ' ' ' 2
to align as third nearest neighbors alafid 1) directions, in 0.9453 0.3642 0.1246
excellent agreement with neutron scattering measurementSs 0.1781 0.3066 0.5482 A
We also find a strong energetic dependence on cation con- 0.5362 0.2648 0.3089
figuration. Regarding vacancy-dopant interactions, the aniofs 0.4408 0.8713 0.6083 vag
vacancies prefer to be close to the smaller of the two cations, 0.2735 0.7002 0.2488
i.e., close to Zr ions in the case of over-sized dopants andy 0.7922 0.6004 0.4879 ra gy
close to the dopants otherwise. With dopant cations similar 0.9221 0.9711 0.3692
in size to Zf", the vacancies sho.w no particular prgaferencegl 0.1071 0.0357 0.6786 2Y,
and are thus less prone to be tied up by the cations whep, 0.6071 05357 0.1786 2,
traversing such oxides. This lack of a strong preference for
the vacancy-dopant separation offers some simple insight
into the high conductivity of, e.g., $05- and Y,0O5-doped APPENDIX
zirconia, and points out h®O5; as a particularly promising ) ) ) .
zirconia dopant for high ionic conductivity. In this appendix, we summarize some technical results for

Of particular interest here is that we in this systematictn® interested reader. Table Il contains a comparison be-
study are able to establish the complete crystal strugtare ~tween different theoretical studigand methodsregarding
cluding all atomic positionsof the only ordered structure the formation enthalpies of the three pure zirconia polymor-
observed experimentallys-ZrsY,0,,. By applying lattice phs(monocllmc, tetragongl, and cubidOur own results are
algebra techniques, we reduce the vast number of possibl@ excellent agreement with the.most recent of these studies.
structures to only 45 candidates, and then isolate the ground-_T@ble IV contains the formation enthalpies for all of the
state structure using first-principles calculations. The strucY SZ Pyrochlore structures considered in this study. Four sets
ture we identify as thes-Zr,Y,0,, phase(given in the Ap-  Of computations were made:
pendiX has its vacancies as third nearest neighbors along
(111). Thus, the lowest-energy structure of this ordered com-
pound follows the same rules we find for the solid solution
range. In this study, we also discover new metastable Zr-rich
phases which have yet to be experimentally confirmed. Such
confirmation very much depends on how high in temperature
these structures are stable.

LDA-CA, p electrons pseudized in the core,
LDA-CA, p electrons in the valence,
GGA-PW91, p electrons pseudized in the core,

GGA-PW91, p electrons in the valence.
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when gradient corrections are included. However, in all fouroccupations resulting in a relatively high-symmetry rhombo-
sets of calculations, the relative energies are quite similafiedral space group. Our first-principles calculations give the
indicating that the qualitative trends are unlikely to be af-complete cation ordering and therefore necessarily yield a
fected by XC or treatment of semicore states. low symmetry ceII3 which we find to be tr|cI|_n|c. We have
Table V gives the cell vectors and complete ionic posi—n-0 t atten_"npted to find the space group of this structure, but
) ) i : e simply give the cell vectors in Cartesian coordinatiesA)
tions (both cations and aniopsor the first-principles pre- 44 4|l the ionic positions in fractionéi.e., direct, not Car-
dicted lowest-energy-Zr3Y 4O, structure. Experimental in-  tesjan coordinates in terms of the three cell vectors. We also
vestigations of the> phase have not yielded complete, fully indicate the ions which we find to be symmetry equivalent
occupied cation positions, but rather some partial,Y) (i.e., those with the same Wyckoff position
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