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Defect ordering in aliovalently doped cubic zirconia from first principles

A. Bogicevic, C. Wolverton, G. M. Crosbie, and E. B. Stechel
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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 cation~Zr and
dopant ions! and anion~oxygen ions and vacancies! species. For yttria-stabilized zirconia, the crystal structure
of the experimentally identified, ordered compoundd-Zr3Y4O12 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 along^111& directions. Calculations with divalent~Be, 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 cations~Zr 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 conductivity of Y2O3- and
Sc2O3-stabilized zirconia, as well as recent results using, e.g., lanthanide oxides. The calculations point to
In2O3 as a particularly promising stabilizer for high ionic conductivity. Thus we are able to directly link
~thermodynamic! defect ordering to~kinetic! ionic conductivity in cubic-stabilized zirconia using first-
principles atomistic calculations.

DOI: 10.1103/PhysRevB.64.014106 PACS number~s!: 64.60.Cn, 81.30.Dz, 61.18.2j, 71.15.Mb
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I. INTRODUCTION

Despite decades of extensive use of zirconia ceramic
many technological applications, this surprisingly comp
material still continues to exhibit remarkable properties t
have yet to be explained by simple physical models. Wh
pure zirconia, ZrO2, is alloyed with other oxides, the high
temperature cubic polymorph can be stabilized to low te
peratures, where its mechanical, thermal, and electrical p
erties are utilized in a large number of technologic
applications. One of the most prominent characteristics
this cubic fluorite phase is its high ionic conductivity, di
covered by Nernst a century ago,1 and subsequently ex
plained by Wagner2 to arise from charge compensating ox
gen vacancies associated with aliovalent cation additio
Because its substantial band gap inhibits electronic cond
tion, cubic-stabilized zirconia has found widespread use
electrolyte membranes in solid oxide fuel cells, oxyg
pumps and separators, and other electrochemical device3–5

Although the number of vacancies increases monoto
cally with dopant concentration,6 measurements of the ioni
conductivity in doped zirconia always exhibit a maximu
for some critical dopant composition, with significantly d
creased conductivity for lower and higher dopant leve5

Several attempts have been made to explain this nonm
tonic behavior of the conductivity in doped zirconias
terms of ordering and clustering tendencies between va
cies, oxygen ions, and dopant ions7,8 or alternative physica
models.9 Additionally, for low levels of yttria, the cubic
phase can give way to two-phase equilibria with the ot
two zero-pressure zirconia polymorphs, the tetragonal
monoclinic phases, which substantially affects the ionic c
ductivity. Given the conflicting accounts in the literature, t
explanation of conductivity versus composition and tempe
ture still remains largely unanswered. For instance, con
ering just a single dopant oxide~yttria!, there are many con
0163-1829/2001/64~1!/014106~14!/$20.00 64 0141
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tradictory experimental reports of whether the oxyg
vacancies prefer to bind next to dopant (Y31) ~Refs. 10–15!
or host (Zr41) cations.16–20In addition, it is well established
that defect ordering and clustering directly contribute to
observed conductivity degradation upon aging
electrolytes.3,21 Hence, a more complete picture of the orde
ing tendencies in cubic stabilized zirconias is needed to
cilitate a generic understanding of the ionic conductivity
these materials.

The stabilized cubic phase of ZrO2 poses an interesting
multifaceted ordering problem. The fluorite structure cons
of two sublattices: an fcc cation sublattice, consisting of
and dopant ions, and a simple cubic anion sublattice, con
ing of oxygen ions and oxygen vacancies~denotedh), the
latter being introduced to compensate for the charge ass
ated with nonisovalent doping on the cation lattice. This d
sublattice geometry leads to three distinct forms of intra- a
intersublattice interactions:~i! The cation-cation or Zr-
dopant interaction on the cation sublattice,~ii ! the anion-
anion or oxygen-h interaction on the anion sublattice, an
~iii ! the cation-anionor dopant-h interaction between the
two sublattices. Each of these three interactions may be
ther of ‘‘ordering type’’ ~association of unlike species, e.g
O andh) or ‘‘clustering type’’ ~association of like species!,
and depends on the separation shell~i.e., nearest neighbor
next nearest neighbor, etc.!. Additionally, the three interac-
tions are not necessarily independent, and so the orde
tendencies may be~and most often are! coupled. These con
siderations underscore the complexity inherent in this se
ingly simple system.

In this paper, we report on an extensive first-princip
study of the currently most common and versatile solid-st
electrolyte, yttria-stabilized zirconia~YSZ!. An in-depth
analysis of defect ordering at selected compositions rev
the energetically preferred ordering tendencies between
ion (Y31, Zr41) and anion (O22, h! species. Anion vacan
©2001 The American Physical Society06-1
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cies are found to prefer Zr coordination, and vacan
vacancy pairs align~or ‘‘cluster’’ ! as third nearest neighbor
along ^111& directions. We also find a large energy depe
dence on the cation~Zr/Y! configuration, which is quite in-
teresting considering that cation-cation ordering has been
most completely ignored in the literature. Our calculatio
establish the complete crystal structure of the only exp
mentally identified ordered compound,d-Zr3Y4O12, and re-
veal the existence of new low-energy metastable zirco
rich ordered phases. In addition, a series of zirco
calculations for other additive systems demonstrates tha
stabilizing with divalent~Be, Mg, Ca, Sr, Ba! and trivalent
~Y, Sc, B, Al, Ga, In! oxides, anion vacancies in gener
prefer to be close to the smaller of the two cations~either Zr
or the dopant ion!. With dopant ions similar in size to Zr41,
vacancies show little preference, and are thus less likel
be bound to any specific cation site as the vacancies trav
the material. These results offer insight into the high cond
tivity of Y 2O3- and Sc2O3-stabilized zirconia, and highligh
In2O3 as a promising dopant candidate for high ionic co
ductivity in stabilized zirconias.

The organization of the paper is as follows: Sec. II d
scribes our theoretical first-principles approach, Sec. III
ports our results for the constituent divalent, trivalent, a
tetravalent oxides. Section IV presents an extensive stud
yttria stabilized zirconia, including a detailed analysis of d
fect interactions and ordered compounds. Section V cont
our results and analysis for divalent- and trivalent-cation s
bilized zirconias, and Sec. VI formulates our conclusio
Finally, the Appendix displays some of the more techni
results.

II. METHODOLOGY

The basis for the electronic-structure calculations
density-functional theory~DFT!,22,23 with core-electron in-
teractions described by ultrasoft Vanderbilt pseud
potentials,24 as implemented in the highly efficientVASP

code.25 We expand the one-electron wave functions in
plane-wave basis with an energy cutoff of 29 Ry, keep
semicore electrons in the valence for all cations. For
exchange-correlation functional, we use the PW91 imp
mentation of the generalized gradient approximat
~GGA!.26 To facilitate comparisons with previous DFT ca
culations and to assess the significance of adding grad
corrections, we also perform a series of YSZ calculatio
using the Ceperley-Alder implementation of the loc
density approximation~LDA !,27 both with and without semi-
corep electrons in the valence. The Appendix contains th
results. We solve the Kohn-Sham equations iteratively,
optimize all atomic positions, cell shape, and cell volum
using a conjugate gradient algorithm until residual atom
forces are less than 0.03 eV/Å. The Brillouin zo
sampling25 uses increasingly more dense Monkhorst-Pa
k-point meshes, until acheivingabsoluteconvergence~to <1
meV!. In most cases, a (43434) k-point mesh is sufficient,
although some cases require up to (73737) sampling. For
stabilizing oxides other than yttria, a smaller (23232)
mesh was used, which reproduces absolutely converged
01410
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mation enthalpies to within 10 meV. To enhance conv
gence with respect to Brillouin zone sampling, we emplo
Fermi smearing of the electronic occupancy with a fictitio
electronic temperature of 0.2 eV. In certain structures wh
the bandgap turns out to be substantially decreased, a sm
smearing width of 0.1 eV is used to reduce the electro
entropy below 1 meV/ion. All calculations use primitive un
cells, which in the case of the pure oxides means unit c
with from 2 ~rocksalt structure! to 40 ~bixbyite structure!
atoms, and for the doped-zirconia cells considered h
11–23 atoms.

III. PURE OXIDES

Pure zirconia exhibits three zero-pressure phases.
low-temperature monoclinic phase is stable up to about 1
K, at which temperature it transforms into a tetragonal str
ture. At about 2650 K, this phase converts into the cu
fluorite structure, which is stable up to the melting point
zirconia ~about 2990 K!.20 Several studies of these thre
stable ZrO2 phases have been reported previously using fi
principles methods.28–36 Although some of the early ac
counts failed to reproduce the correct energetic ordering
the three zero-pressure polymorphs, the most recent rep
do not have this problem, and are quantitatively in go
mutual agreement.29,32,34Since our LDA calculations for all
zirconia polymorphs are in excellent agreement with ma
of these previous reports, we relegate the results for th
phases to the Appendix. We emphasize here that the pre
calculations are based on minimal radii ultrasoft pseudo
tentials, keeping semicore states in the valence, and corre
reproduce the experimental hierarchy of pure zirconia str
tures:EZrO2

m ,EZrO2

t ,EZrO2

c , where the superscripts identif

the three phases by their first letters.
Among the trivalent pure oxides, those with intermed

ately sized cations (Y2O3, Sc2O3, In2O3) all assume the
bixbyite structure at low temperatures, while oxides w
smaller cations order into corundum (Al2O3) and other ses-
quioxide structures (B2O3, Ga2O3).37 Regarding divalent
additives, the simple rocksalt structure is prevalent in oxid
with intermediate-sized cations~MgO, CaO, SrO, BaO!,
while the oxide with the smallest cation~BeO! assumes a
zincite structure.37,38The computed~GGA! and experimental
structure parameters for these oxides are summarize
Table I, while some of the details are left for the Append
Overall, these results agree quite well with experiment, alb
with the customary small but systematic GGA overestim
of experimentally established lattice parameters.

IV. YTTRIA-STABILIZED ZIRCONIA

The addition of even minute amounts of yttria strong
affects the structural integrity of the pure zirconia phases.
aliovalent cations are substituted for Zr ions, vacancies
created on the anion lattice to maintain charge neutrality
the case of YSZ, one oxygen ion is removed for every uni
Y2O3 introduced into the zirconia. The most palpable cry
tallographic effect upon aliovalent doping is the rapid sta
lization of the tetragonal and cubic phases towards low
6-2
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DEFECT ORDERING IN ALIOVALENTLY DOPED CUBIC . . . PHYSICAL REVIEW B 64 014106
temperatures when the dopant content is increased, as
trated schematically in the Y2O3-ZrO2 phase diagram of Fig
1, redrawn from Ref. 40.

The mechanism behind the stabilization of the hig
temperature zirconia polymorphs has been the subjec
some controversy.34,41–43The prevailing explanation is base
on observations that increasing covalency favors struct

TABLE I. Experimental and calculated~GGA! structural param-
eters of pure oxides. The experimental values are reported extr
lations to 0 K The lattice constants are all given in Å, whilea/b
denotes the rhombohedral (a) or monoclinic (b) angle in degrees
The superscript in the case of zirconia denotes the cubic, tetrag
and monoclinic phases of ZrO2 ~see text!. The experimental~room-
temperature! results are taken from Ref. 37, except those for Zr2

which are taken from Ref. 39.

a0 ~Å! b0 ~Å! c0 ~Å! a/b
Expt. GGA Expt. GGA Expt. GGA Expt. GGA

ZrO2
c 5.08 5.16

ZrO2
t 3.60 3.65 5.18 5.30

ZrO2
m 5.15 5.23 5.21 5.30 5.32 5.41 99.2° 99.6

Y2O3 10.60 10.77
Sc2O3 9.85 9.99
B2O3 4.33 4.40
Al2O3 5.13 5.16 55.3° 55.3°
Ga2O3 5.32 5.39 55.8° 55.8°
In2O3 10.12 10.38
BeO 2.70 2.71 4.38 4.40
MgO 4.21 4.26
CaO 4.81 4.82
SrO 5.16 5.18
BaO 5.52 5.68

FIG. 1. Schematic illustration of the Y2O3-ZrO2 composition-
temperature phase diagram, redrawn from Ref. 40. The monoc
and tetragonal phases are indicated by their first letter. Comp
tions where new ordered~meta!stable phases have been found a
highlighted schematically.
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s-

-
of

es

with lower coordination~see Ref. 41 for an extensive discu
sion on this topic!. Based on this argument, it has been su
gested that the stabilization of the cubic phase arises f
the tendency for the Zr ions to assume the sevenfold an
coordination of the lowest-energy monoclinic phase.34,41

Since cubic zirconia only offers eightfold-coordinated cati
sites, this lowering of the Zr41 ion coordination is presum
ably enabled by the oxygen vacancies introduced upon
aliovalent doping. Note that this model implicitly deman
that vacancies closely associate with the Zr ions rather t
dopant ions~Y31 in the case of YSZ!, making strong predic-
tions for anion-cation defect ordering in YSZ. In additio
this coordination-driven argument implies that the qualitat
features of the anion-cation defect ordering should be in
pendent of the type of~trivalent! dopant used.

While this coordination-driven argument certainly h
some intuitive appeal, it is based on simple empirical obs
vations and remains as of yet unproven. Obviously, the
bilization mechanism depends critically on how the vaca
cies are distributed within the doped zirconia, and as we w
demonstrate, this ordering can be quite counterintuiti
Since the vacancies are also what provides the high io
conductivity of cubic stabilized zirconia by facilitating diffu
sion of oxygen ions, an understanding of defect ordering
this material cuts straight to the very essence of its io
conductivity.

A. Structures and energetics

As explained above, a complete description of the av
able configuration space for cubic-stabilized zirconias m
include ordering and clustering tendencies on both ca
and anion sublattices, as well as the interaction between
two sublattices. As the doped zirconia systems are m
more complex than the pure zirconia phases, the majorit
the computational work on these systems has been base
~semi!empirical approaches.44–47 The recent studies by Gen
nard et al.33 and Stapperet al.34 are, to our knowledge, the
only existing first principles study of yttria-stabilized zirco
nia. In the following, we describe our study of these thr
ordering tendencies via the energetic dependence of the
cation and anion configuration, as calculated from first pr
ciples. To this end, we investigate 90 different hypotheti
cation and anion ordered arrangements at several diffe
dopant compositions~described below!. Although our calcu-
lations are for zero temperature~i.e., no entropic effects are
included!, they allow us to uncover the generic ordering te
dencies that exist in this system.

By combining ZrO2 and Y2O3 with mole fractions 12x
and x, respectively, one obtains a YSZ stoichiometry giv
by Zr12xY2xO21x . The energetics of this YSZ compoun
can be expressed in terms of its formation enthalpy~with
respect to cubic ZrO2!,

DH5E@Zr12xY2xO21x#2@~12x!E~ZrO2
c!1xE~Y2O3!#,

~1!

the ~zero-pressure! energy difference between the YSZ com
pound and the composition-weighted average of its cons
ent oxides. A negative formation enthalpy indicates the s

o-

al,

ic
si-
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bility of the compound relative to phase separation into
constituent oxides, whereas a positive formation enthalpy
dicates that phase separation is preferred in the absen
entropic effects.

1. Identification of thed-Zr 3Y4O12 crystal structure

In the observed Y2O3-ZrO3 phase diagram~Fig. 1!, there
exists only one intermediate ordered compou
d-Zr3Y4O12. The long-range ordering of this phase is oft
assumed to be correlated with the short-range ordering o
solid solution phase, and therefore connected with the io
conductivity of YSZ. Thed phase is generally acknowledge
to be based on the fluorite lattice, with ordering of the cha
compensating vacancies along^111& directions. Although
the cell vectors and anion ordering have been establishe
neutron scattering20,40,48,49and other scattering experiment
the complete cation ordering has so far eluded experime
identification due to the weak scattering contrast betwee
and Zr ions and the possibility of cation disorder in the str
ture at high temperatures.

In order to improve this situation, we have undertaken
investigation of thed-Zr3Y4O12 phase using first-principle
total-energy calculations, searching for the lowest-energy
configuration~s! without anya priori assumptions of the or
dering on any of the sublattices. The only input to the
calculations are two pieces of experimental information:~i!
the observed cell vectors and~ii ! the observation that this
structure is fluorite based. One might imagine that with t
limited set of information, the number of possible configu
tions would be too large to sample efficiently with compu
tionally demanding electronic-structure methods. Howev
with the aid of advanced lattice algebra techniques de
oped for Ising-model studies of alloys, we demonstrate t
one cancompletelysearch the allowed configuration spa
and find the ‘‘winning’’ ~minimum energy! configuration
corresponding tod-Zr3Y4O12.

The observed cell vectors are rhombohedral, and
primitive cell contains one~fluorite-based! formula unit, or
seven cations. Because the experimentally refined cation
sitions include some fractionally occupied sites, we can
rule out the possibility that the true Zr3Y4O12 ground state at
this composition contains more than one formula unit in
primitive cell. In what follows, we assume a primitive cell o
one formula unit~in accord with the observed cell vectors!,
and determine the energy-minimizing ion positions with
this cell.

The cation positions in the fluorite structure fall on an f
lattice. Lattice algebra techniques have been devised50 to
enumerate the total number of possible binary fcc-based
figurations for a specified number of sites. Using these m
odologies, we find that for a seven-atom fcc cell, there
104 possible configurations, each with a large number
ordering possibilities on the anion lattice. However, only tw
of these distinct cation configurations possess rhombohe
cell vectors. For each of these two seven-cation configu
tions, 14 anions were placed in the fluorite positions, an
symmetry analysis was performed to determine which of
anion positions were symmetrically inequivalent. Arm
with this knowledge, we then specify all of the symmetr
01410
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distinct ways to remove the two vacancies from this struct
to yield the stoichiometry Zr3Y4O12 ~with a total of 19 atoms
per unit-cell!. There are 45 such possible configurations, a
we have calculated the total energies~absolutely converged
with respect to Brillouin zone sampling!, and fully relaxed
geometries for each of these 45~19-atom! configurations
from first principles. We note that an analogous approach
the one outlined above has recently been used to success
elucidate from first principles the structure of another co
plex oxide phase,k-Al2O3.51

The calculated formation enthalpies for the 45 YSZ stru
tures are shown in Fig. 2. Roughly half have a negat
formation enthalpy, and the one structure with the low
DH we identify as the experimentally observedd phase. We
give the complete crystal structure of this DFT-deducedd
phase in the Appendix. Despite the fact that no experime
information on the cell internal ordering was used to find t
structure, the predicted low-energy phase contains vacan
which are aligned alonĝ111& directions, in agreement with
experimental refinements of thed phase.20 In addition, we
find that the only sixfold coordinated cation site in thed
phase is occupied by a Zr ion, as measured in scatte
experiments of YSZ~Ref. 40! and other stabilized zirconia
systems.52,53 Thus, we consider that our assumption of o
formula unit per primitive cell is reasonable. Vacancy a
dopant ordering preferences among these 45 structure
well as other structures with different compositions, are d
cussed in detail below.

2. ‘‘Artificial’’ cation superlattices

Although the d-Zr3Y4O12 phase provides some unde
standing of the ordering tendencies in YSZ, this particu
compound has a higher yttria content than typically used
zirconia-based electrolyte applications. For this reason,
focus our study on the zirconia-rich part of the YSZ pha
diagram, where we investigate the energetics and orderin

FIG. 2. Formation enthalpies (eV/Zr12xY2xO21x formula unit!
for an ensemble of symmetrically inequivalent YSZ structures
four different compositions, as computed within DFT-GGA a
DFT-LDA.
6-4
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DEFECT ORDERING IN ALIOVALENTLY DOPED CUBIC . . . PHYSICAL REVIEW B 64 014106
several compositions more Zr rich than Zr3Y4O12. The com-
plete range of compositions studied~with the mole fractions
of yttria, x! is

Zr3Y4O12 ~x50.40!,

Zr2Y2O7 ~x50.33!,

Zr4Y2O11 ~x50.20!,

Zr6Y2O15 ~x50.14!.

Although no ordered phases have been observed54 in YSZ
for x50.33, 0.20, or 0.14, we chose to study these com
sitions as they allow for relatively simple and systema
characterization of the ionic configurations: Using the sa
lattice algebra techniques as described above, we can
merate all of the possible cell shapes and configurations
fluorite-based structures with two, three, and four cations
cell. For Zr-rich compositions, these cells possess ca
stoichiometries of ZrY~two cations!, Zr2Y ~three cations!,
Zr3Y ~four cations!, or Zr2Y2 ~four cations!. Because charge
conservation in YSZ requires half as many vacancies as d
ant Y ions, the ZrY, Zr2Y, and Zr3Y cation cells have to be
doubled in order to yield an integer number of vacanci
Many of these configurations correspond to a superlat
stacking of cations alonĝ100&, ^111&, ^110&, ^201&, and
^311&. We note that each of these structures~unlike the
Zr3Y4O12 structures described above! contains only two Y31

ions and, hence, only one vacancy. For each ca
configuration, a symmetry analysis of the anion positio
was performed to determine all of the distinct possible pla
ments of the oxygen vacancy. These artificial Zr/Y super
tices, when added to the 45 Zr3Y4O12 structures above, yield
a total of 90 structures considered here to sample the
figuration space of YSZ. For each of these structures,
compute the enthalpies of formation with respect to the p
zirconia and yttria according to Eq.~1!. The computed for-
mation enthalpies for all 90 structures are displayed in Fig
~some of the highest energy Zr2Y2O7 structures fall outside
the graph, as indicated by the vertical arrow!. Below we first
make some general observations and then proceed in a
tematic way to analyze the results in terms of the vario
energetically preferred defect interactions in this system.

The large scatter in formation enthalpies among structu
with the same composition but different defect orderi
gives a first indication of how sensitive the energetics are
the relative positions of the defects. In particular, the str
tures with the stoichiometry Zr2Y2O7 ~which includes the
pyrochlore structure! display a wide range of formation en
thalpies, but they are almost all positive, i.e., unstable w
respect to phase separation. The high energy of the Zr2Y2O7
structures is consistent with the fact that such ordered st
tures have eluded observation, and an early report of
existence of a pyrochlore structure in this system is lik
spurious.54
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3. Ordered ground states

In a plot of energy versus composition, such as Fig. 2, i
reasonable to ask what the stable~low-temperature! ‘‘ground
states’’ are. For a given ordered compound to be a gro
state, it must satisfy both of the following criteria:~a! a
ground state must be lower in energy than any other struc
at the particular composition and~b! a ground state must b
lower in energy than any two-phase mixture of structures
other compositions. A particular example of the latter cri
rion is that a structure must be lower in energy than a m
ture of the constituents orDH,0 @Eq. ~1!#. Following these
criteria, one may find the ground states by a ‘‘convex hu
construction where tie lines are drawn between all lo
energy phases, and only the minimum-energy tie lines
retained. These segments must necessarily be convex
ward, since any concave downward region would indicate
instability towards phase separation between two neighb
ing phases.

Given that no other ordered compounds but thed phase
have been experimentally observed in YSZ, one would
pect the low-temperature ground states of this system to c
sist solely of ZrO2

m , d-Zr3Y4O12, and Y2O3. As expected,
we find these three phases on the convex hull within both
GGA and LDA ~Fig. 2!. Surprisingly, however, the energie
of several of the Zr6Y2O15 structures fall below the ZrO2

c

1d-Zr3Y4O12 tie line, and one of them even falls below th
ZrO2

t 1d-Zr3Y4O12 tie line. This suggests new stable order
structures with respect to cubic- and tetragonal-based Y
which, however, are metastable with respect to monocl
YSZ ~although within LDA one of the structures actual
comes very close to the ZrO2

m1d-Zr3Y4O12 tie line!. These
low-energy structures correspond to Zr3Y superlattices along
^311&, which we denote ‘‘W1.’’ Because the 90 structur
we consider here are still a fairly limited sampling of th
available configuration space for YSZ, the Zr6Y2O15 low-
energy phase must be viewed as an upper bound to the
energetics of zirconia-rich YSZ. Since we can happen up
one metastable compound at this composition from a v
limited sampling of configurations, it is quite likely that the
are even lowerDH structures undetected. These lowe
energy structures might very well fall below the ZrO2

m

1d-Zr3Y4O12 tie line, and therefore in addition to the onl
observed orderedd phase in the YSZ phase diagram, the
must exist at least metastable and possibly stable zirco
rich phases that are yet to be observed.

Whether or not new stable Zr-rich phases actually ex
their observation could be hampered at low temperatu
where it takes prohibitively long times to reach thermod
namic equilibrium due to exceedingly sluggish cation diff
sion. It is imperative to realize at this point that these n
zirconia-rich ordered phases are important not just at
temperatures, but also at elevated temperatures where
disordered solid solution is stable. The reason is that re
nants of the low-temperature long-range order, even
metastable phases, are likely to survive as short-range o
in the high-temperature solid solution phase, which in tu
affects defect interactions and consequently ionic diffusi
This connection between long-range and short-range or
6-5
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ing tendencies is a very common occurence~as exemplified
by the ^111& ordering of vacancies in YSZ solid solutio
regimes where thed phase is unstable!, although exceptions
have been noted in some metallic alloys. The classifica
of all of these long- versus short-range order types can
understood in terms of the energetics of the ordered, rand
and phase-separated states of the system in question.55

B. Defect interactions

We have already indicated that the defect interactions
yttria-stabilized zirconia can quantitatively affect formatio
enthalpies and even qualitatively decide the type of lo
range ordering that will occur at low temperatures. Sin
both short-range ordering and long-range ordering are pr
to decrease ion mobility, it is essential to have a good und
standing of the various types of defect interactions that t
place in YSZ. To this end, we have performed a detai
analysis of the vacancy-vacancy, vacancy-dopant,
dopant-dopant interactions in fluorite-based YSZ co
pounds, both in the observedd-Zr3Y4 O12 phase and the
newly predicted zirconia-rich ordered compounds.

1. Vacancy-vacancy interactions

Compared with the nominal charges of the host Zr41 and
O22 ions, the Y31 ions and anion vacancies can be view
as point defects with charges 12 and 21, respectively.
Thus, from simple point-charge electrostatics, one would
pect the vacancies to repel each other. Diffuse neutron
x-ray scattering experiments20,40,48,49suggest that there is
strong tendency for anion vacancies to align along^111&
directions in both the solid solution fluorite phase of zirc
nia, as well as the orderedd-Zr3Y4O12 compound. Out of the
four different YSZ compositions we consider here, only t
structures with thed-phase composition offer a way to ad
dress this issue since there are two vacancies per unit ce
Zr3Y4O12 ~in the other compositions we study, there is on
one vacancy per unit cell, and thus no way to isol
vacancy-vacancy interactions!. To calculate vacancy
vacancy and vacancy-ion distances, it is necessary to
define the vacancy positions. For the perfect fluorite latt
the vacancy positions are well defined, and for the rela
cells, we simply take these ideal fluorite cell internal po
tions as the vacancy coordinates, which are admittedly
defined due to asymmetric ionic relaxations. Figure 3 sho
the computed formation enthalpies versus aver
vacancy-Zr distance for the 45 Zr3Y4O12 structures. These
45 data points are categorized according to the sma
vacancy-vacancy distance~e.g., first, second, or third neigh
bor! and also with respect to the two cation ordering pos
bilities ~labeled ‘‘A’’ and ‘‘B’’ !. With regard to the vacancy
vacancy ordering, we note that in Fig. 3 there is a stro
correlation between the formation enthalpies and the m
vacancy separation: instances where the two vacancies a
far apart as possible~third nearest neighbors alonĝ111&
directions! are clearly the most favorable structures~i.e.,
have the lowest formation enthalpies!, including the ground-
stated phase. Structures with nearest-neighboring vacan
~along^100&) are all significantly higher in energy, and tho
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with next-nearest-neighboring vacancies~along ^110&) fall
in between these two extremes. Thus,our calculations dem-
onstrate a vacancy-vacancy repulsion, consistent with b
simple electrostatic considerations and experimental obs
vations of vacancy clustering along^111& directions.

Note that for the Zr3Y4O12 stoichiometry, the amount o
Y31 ions, and therefore the number of vacancies, is qu
large~40 mol % Y2O3). Hence, the largest attainable~mini-
mal! vacancy-vacancy separation for any of these structu
is third nearest neighbors~3NN!. For more dilute composi-
tions, at the higher temperatures where the cubic phase
mains, the vacancies could conceivably space themselve
distances greater than third neighbor. If the vacancy-vaca
ordering were driven purely by electrostatic consideratio
one would expect that the vacancies would repel one ano
at all distances. Recent diffuse scattering measurements20 of
the cubic solid solution phase with;10–24 mol % Y2O3
show vacancy pairs clustering along^111& as third nearest
neighbors. Mechanical and dielectric loss measurement
single crystals56 also support thê111& directionality of va-
cancy ordering. These measurements demonstrate tha
defect ordering in YSZ is more complex than rendered
pure electrostatics, and as we show below, the vacan
dopant ordering tendency competes with the electrostatic
pulsion between vacancies.

2. Vacancy-dopant interactions

Simple electrostatics dictates that oppositely charged
ion and anion defects should attract each other. For insta
Y ions and oxygen vacancies~with point charges 12 and
21 with respect to the host ions! should bind electrostati-
cally. On the other hand, the lowest-energy monoclinic ph
of pure zirconia contains seven fold-coordinated Zr io
whereas the perfect fluorite phase only offers eightfold co

FIG. 3. Formation enthalpies~eV/cation! vs mean vacancy-
zirconia separation for all 45 distinctly different Zr3Y4O12 com-
pounds as computed within DFT-GGA. The data are categori
according to the three possible vacancy-vacancy shells~1NN, 2NN,
3NN! and illustrate how the vacancies prefer being third nea
neighbors~in ^111& directions! to each other and nearest neighbo
to the host Zr41 ions. Within each vacancy-vacancy shell, the da
are further separated into two subsets for each of the two dis
cation structural possibilities ‘‘A’’ and ‘‘B.’’
6-6
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DEFECT ORDERING IN ALIOVALENTLY DOPED CUBIC . . . PHYSICAL REVIEW B 64 014106
dination. This coordination-driven tendency would imp
that vacancies should prefer to be closer to Zr ions so a
reduce the Zr coordination. Indeed, recent neut
scattering20 and extended x-ray absorption fine structu
~EXAFS! experiments,16,19 as well as first-principles34 and
semi-empirical calculations,44,45 all point to the association
of vacancies with Zr rather than the Y ions, in clear disagr
ment with simple electrostatic considerations. However,
we show below, the coordination-based argument alone
not explain the observed Zr41-h ordering tendency.

We first note that our calculations fully corroborate pr
vious findings of Zr41-h association for all four composi
tions considered here. To illustrate this point, we once ag
refer the reader to the Zr3Y4O12 results in Fig. 3. It is eviden
from this analysis that within each vacancy-vacancy coo
nation shell, there is a significant increase in the format
enthalpy ~towards positive values! with the average
vacancy-Zr separation. Identical trends are found for
other stoichiometries. Thus,there is a clear driving force for
the vacancies to closely associate with the Zr ions rat
than the dopant ions, in contrast to simple electrosta
point-charge considerations.

From our Zr3Y4O12 results, as well as those of other mo
zirconia-rich compositions, we find that the most energ
cally favorable structures have a pair of vacancies associ
with a single Zr cation. In this most favorable case, the c
tral Zr ion is sixfold coordinated, demonstrating that the
gument of the sevenfold coordination in monoclinic ZrO2
cannot fully explain the Zr41-h association. While this re
sult is yet to be verified experimentally for YSZ, scatteri
studies with dopants other than yttria~yielding a higher Zr-
dopant contrast! have shown that, whenever cation orderi
is observable, it is always the smaller of the cations t
assumes the sixfold coordination52—in excellent agreemen
with our calculations. Indeed, both experimental and rec
model-potential studies have found that for many of
smaller dopant ions, vacancies in stabilized zirconia actu
prefer to bind to dopants rather than host ions. We inve
gate this point from first principles below~see Sec. V!.

For the sixfold-coordinated Zr cation, a competition e
sues between the Zr41-h ordering tendency and theh-h
repulsion. The repulsion between the pair of vacancies
rounding a single cation is minimized when the vacanc
align as 3NN, alonĝ111&, providing an explanation for the
results of the previous section, as well as the experime
findings of ^111& vacancy pairs in dilute compositions
where the vacancies could conceivably be further apart t
3NN. Therefore, although the vacancy-vacancy interactio
at least qualitatively in accordance with simple electrostat
the vacancy-dopant interaction is in qualitative contradict
with electrostatics and indirectly affects the vacancy-vaca
interaction in a profound way. It is thus clear that the co
plexity of defect ordering in YSZ stretches beyond me
electrostatic effects.

Several semiempirical studies have recently pointed
that the defect ordering is affected by long-range relaxati
in the ionic crystal.44,45 Within these studies, it was foun
that the anion relaxation into the vacancy depended stro
on the size of the dopant ion, presenting a size-depen
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argument for why anion vacancies would prefer to bind
one or the other of two different-sized cations. Recent fir
principles calculations show that anion-cation ordering
cubic-stabilized zirconia is dictated by elastic interactio
which are strong enough to overcome electrostatic force57

3. Dopant-dopant interactions

The interactions between dopants on the cation subla
is a virtually unknown subject. Scattering experiments ha
difficulty in distinguishing between Zr and Y ions, and a
most no theoretical work has been devoted to this iss
X-ray scattering data for zirconia stabilized with other triv
lent metal ions with a higher contrast difference to Zr io
have suggested that there are indeed ordering tendencies
on this sublattice.53

Since there are only two distinctly different cation orde
ing possibilities for the rhombohedral Zr3Y4O12 compound,
this is not a very instructive case to assess dopant-do
interactions~despite the large number of anion ordering po
sibilities!. The composition that best serves our purpo
here is that of the pyrochlore (Zr2Y2O7) structure, where we
have considered six different cation ordering possibiliti
For each cation configuration, a symmetry analysis was
dertaken to isolate all possible inequivalent vacancy si
and first-principles calculations were then performed for
of these configurations. The formation enthalpies cor
sponding to the lowest-energy vacancy placement wit
each cation arrangement and nearest-neighbor pair cor
tion are given in Table II. From this limited amount of dat
the following conclusions can be drawn:~i! The energetic
consequences of cation ordering are substantial, as n
from the large spread in energies, and~ii ! the ordering effect
is not ‘‘simple,’’ since it does not follow the neares
neighbor correlation.~iii ! There is a clear energetic prefe
ence for lower coordination of Zr41 and higher coordination

TABLE II. Energetic and structural information for the six ca
ion configurations within the Zr2Y2O7 stoichiometry. Given are the
formation enthalpiesDH ~eV/cation! for the lowest-energy vacanc
placement in each cation configuration, as computed within D
GGA. The nearest-neighbor cation pair correlationa ~analogous to
the Warren-Cowley short-range order parameter! indicates the num-
ber of unlike nearest-neighbor cation-cation pairs, with nega
~positive! values indicating the propensity for Zr-Y~Zr-Zr and
Y-Y ! bonds.nZr andnY are the local coordination numbers~i.e., the
number of oxygen neighbors! for each of the four cations in the
cell. The notation in the leftmost column is for these purposes
meant to identify the different cation structures, and the superlat
stackings and orientations are given.

Structure Cation nZr nY DH ~eV! a
superlattice

W2 Zr2Y2 ^311& 7,6 8,7 20.018 21/6
Y2 Zr2Y2 ^110& 7,6 8,7 10.080 0
CH Zr2Y2 ^210& 7,7 7,7 10.088 21/3
V2 Zr2Y2 ^111& 8,8 7,5 10.207 11/2
Z2 Zr2Y2 ^100& 8,8 6,6 10.331 11/3
CA Zr1Y1 ^100& 8,6 8,6 10.371 21/3
6-7
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of Y31 by oxygen ions. This fact is again a manifestation
the energetic tendency for Zr41-h association.~iv! The
lowest-energy structure, ‘‘W2,’’ has â311& cation superlat-
tice stacking, consistent with thê311& low-energy W1 su-
perlattice found for the Zr6Y2O15 composition. This prefer-
ence for^311& structures in the fluorite based lattice shou
be contrasted against the preference for other cation orie
tions (̂ 100&, ^111&, and ^210&) found in fcc, rocksalt, and
zinc-blende based systems~see Ref. 58!. Beyond these four
statements, it is not possible with the present body of dat
establish any quantitative statements about dopant-dopan
teractions. The complication is that the vacancy-vacan
vacancy-dopant, and dopant-dopant interactions are
coupled, and in principle often inseparable. For instance,
might argue that since vacancies repel one another, and
attracted to Zr more than to Y, theh-h and h-dopant in-
teractions indirectly cause the Zr ions to separate from
another as much as possible~i.e., the Y ions also separat
from one another as much as possible!. Thus, it is difficult to
establish with certainty whether the cations order due to e
trostatic repulsion between like cations or if the like catio
simply are ‘‘dragged apart’’ by the ordering on the anion a
anion-cation lattice.

Since there is no easy diffusion channel for the catio
their mobility is orders of magnitude lower than the ani
mobility, which is facilitated by the charge compensati
vacancies. Thus, the cation ordering is much more slug
than the anion ordering, and therefore more prone to be
sitive to the processing of the electrolyte. Depending on
specific preparation and thermal history of the electrol
material, it is therefore likely that one will obtain a system
partial equilibrium, in which the cation~Zr-dopant! distribu-
tion is kinetically frozen into nonequilibrium configuration
Meanwhile, the anions are typically sufficiently mobile du
ing this process to adapt to whatever~short-range and/o
long-range ordered! cation configuration is reached in th
process of minimizing the free energy of the system. Th
considerations add to the lack of experimental consensu
the dopant-dopant ordering in stabilized zirconia.

We conclude this section by noting that the above res
bear significant implications for the deterioration of ion
conduction upon thermal aging. It is clear at this point th
part of the aging process can be reversed by hi
temperature exposure, as noted in recent YSZ experimen21

On the other hand, it is also quite clear that part of the ag
process is irreversible since the system always strives
lower its free energy, also noted repeatedly in conduct
experiments.3,21 In the absence of a detailed thermal analy
of the YSZ system, it is premature to draw specific conc
sions about the connections between defect ordering
thermal aging in YSZ electrolytes. It does seem likely, ho
ever, that both reversible and irreversible aging are i
mately connected with~short-range and long-range! anion
and cation ordering in the solid solution of stabilized cub
zirconia. We are currently developing a coupled-clust
expansion scheme47 to investigate finite-temperature orde
ing phenomena using Monte Carlo techniques.
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V. OTHER ALIOVALENT DOPANTS

The rationale behind choosing yttria-stabilized zirconia
the electrolyte material in many electrochemical devices
its combination of high ionic conductivity and chemical st
bility under a wide range of partial oxygen pressures. A
though there are a number of electrolytes with a higher io
conductivity, none of them has yet been shown to be
stable as zirconia-based electrolytes with respect to ther
aging and oxidizing or reducing environments. There is th
great incentive to learn whether other dopants or dop
combinations can increase the ionic conductivity, wh
maintaining the chemical integrity and other appealing pr
erties of YSZ.

Experimental studies of aliovalent dopants other than
tria in the cubic phase of zirconia have been plentiful. A
though there are often quantitative discrepancies betwee
ported conductivity data, mainly due to differences in sam
preparation and thermal history of the electrolyte~see Refs. 3
and 21 for a comprehensive review!, the qualitative features
seem firmly established: The dopant ions besides Y31 that
yield the highest conductivity in cubic zirconia, especially
fresh ~unaged! samples, are the late lanthanides and Sc31,
which has been reported to surpass even Y31 in terms of
ionic conductivity.3 However, there is no one dopant cand
date that clearly stands out as being superior overall to
performance of YSZ. Given the number of possible addit
alternatives, the often poorly known phase diagrams of th
oxide systems, and the wide range of concentrations to
sampled, it is clear that a purely Edisonian approach is lik
to be inefficient. If zirconia systems with more than o
added oxide component are considered, an unguided
proach becomes quite intractable. By extracting trends fr
experimental results, one can try to gain some insight i
what properties of a dopant make for a highly conduct
electrolyte. Several systematic studies have found a str
correlation between electrolyte conductivity and the ionic
dius of the dopant ion. Experimental studies have measur
monotonically increasing conductivity with decreasing i
size,3,59 while semiempirical calculations seem to sugg
that the ionic conductivity peaks out for dopants with inte
mediate radii~namely, near that of the zirconia ion!.44,45

Here we employ highly accurate and predictive fir
principles calculations to gain some insight into these m
ters and assess the validity of less accurate empirical mod
To keep the problem tractable, we capitalize on our new
gained insight into the mixed defect ordering of YSZ~Sec.
IV ! to carefully choose an ensemble of calculations fo
selected set of trivalent and divalent dopant oxides.

A. Prototype structure

As a representative structure, we choose the W1 supe
tice as described in Sec. IV A 2: This structure consists o
Zr3 /X1 cation stacking alonĝ311& ~whereX represents the
dopant ion!, and corresponds to the low-energy Zr6Y2O15
structure found in Fig. 2. The oxygen ions~and vacancies!
are placed in the fluorite positions. By altering the placem
of the vacant anion sites, this structure affords the possib
of examining several distinct vacancy-dopant geometries
6-8
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In the case of the trivalent dopants, we replace two
ions with two dopant ions and remove one oxygen ion fr
the oxygen sublattice. Thus the W1 structure with trivale
dopantsT31 corresponds to a stoichiometry of Zr6T2O15.
Within this trivalent W1 structure, there are three substr
tures with varying vacancy-dopant distance, from first
third neighboring coordination shells. In the case of the
valent dopant ion,D21, we begin with the same W1 ce
shape, but now substitute only one Zr ion for one dopant
and simultaneously create one anion vacancy for cha
compensation. This subsitution gives a stoichiometry
Zr7D1O15 for the divalent dopants. Within this modificatio
of the W1 structure, we now find four different ways
arrange the dopant ion with respect to the anion vacancy.
each of the trivalent and divalent dopants, we compute
enthalpy of formation for all vacancy-dopant arrangemen
We then focus on three quantities for each dopant as
vacancy-dopant distance is changed~as illustrated schemati
cally in Fig. 4!: ~1! the overall lowest value for the formatio
enthalpyDHW1 ~Fig. 5!, ~2! the preferred vacancy-dopan
separationdEW1* ~Fig. 6!, as defined below, and~3! the over-
all maximum change in bindingdEW1 ~Fig. 7!. Although the
choice of W1 cation superlattice may seem a bit arbitrary,
have found this structure to be energetically favorable in
YSZ system, and as we show below, it serves to demons
the generic ordering tendencies for a wide variety of dop
systems.

B. Formation enthalpies

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

FIG. 4. Schematic illustration of the variations in vacanc
dopant bindingdE as an anion vacancy traverses the oxide.

FIG. 5. Formation enthalpies~eV/cation! for trivalent and diva-
lent dopants in the Zr6Y2O15 W1 structure, as computed withi
DFT-GGA.
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positions in the W1 structure are shown in Fig. 5 as a fu
tion of ionic dopant radius. Note that these energies are
computed with respect to cubic zirconia and the respec
constituent dopant oxide, and that the ionic radii, which
not exactly well defined, are all taken from a single sou
~Ref. 60! for consistency. A clear trend emerges from th
figure: The formation enthalpy is always positive~indicative
of a phase-separating tendency! for dopants with radii dis-
tinctly different from that of Zr41, with the most positive
values for small dopant ions. For dopants with an ionic
dius near that of Zr41 or slightly larger, however, the forma
tion enthalpy is always negative, indicating the stability
compound formation with respect to phase separation. T
only for ‘‘size-matched’’ ~or slightly larger! dopant ions
does one obtain long-range ordering in zirconia-based
tems.

This calculated trend is entirely consistent with the e
perimentally determined phase diagrams:61 ZrO2 stabilized

FIG. 6. Difference in formation enthalpy~eV/cation! between
1NN and 3NN vacancy-dopant arrangements for trivalent and d
lent dopants in the Zr6Y2O15 W1 structure as computed within
DFT-GGA.

FIG. 7. Maximal variations in the dopant-vacancy binding e
ergy~eV/cation! as the vacancy-dopant separation is increased f
1NN to 3NN for a number of divalent and trivalent dopants in t
Zr6Y2O15 W1 structure of zirconia.
6-9
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BOGICEVIC, WOLVERTON, CROSBIE, AND STECHEL PHYSICAL REVIEW B64 014106
with Y2O3, Sc2O3, CaO, SrO, and BaO all show observe
ordered compounds where our calculations yieldDHW1,0.
On the other hand, ZrO2 doped with BeO and Al2O3 shows
phase separation in the measured phase diagrams, cons
with our calculations ofDHW1.0. We are not aware o
experimental information concerning the compound-form
versus phase-separating tendencies of the ZrO2-B2O3,
ZrO2-Ga2O3, or ZrO2-In2O3 systems, although our calcula
tions yield DHW1.0 for each of these systems in the W
structure. In the ZrO2-MgO system, although the measure
phase diagram61 shows no ordered compounds, our calcu
tions for the W1 Zr7MgO15 structure produce a slightly nega
tive formation enthalpy. Thus, our calculations demonstr
that as-yet-unobserved ordered compounds likely exist in
ZrO2-MgO system at low temperatures, but from our pres
calculations, we cannot predict the finite-temperature sta
ity of these phases.

The formation enthalpy tendencies of Fig. 5 give a glo
indication of compound-forming versus phase-separa
long-range ordering tendencies in an alloy system. Th
stable long-range order involves energy differences betw
compounds with different compositions, such as the form
tion enthalpy of Eq.~1!. However, to understand the loc
effects ofshort-range defect orderingin these systems, we
must examine the energetics of various configurations of
fects, all at the same composition. This distinction betwe
long- and short-range ordering and the contributing ene
differences involved has been discussed in detail for meta
and semiconducting systems.55

C. Defect ordering

In Sec. IV, we establish that first-principles calculatio
and the majority of recent experimental studies show t
anion vacancies in YSZ prefer to associate with host i
rather than the dopant ions, despite earlier reports of
opposite ordering. The natural question then is to
whether this is a general behavior, or particular to the cas
YSZ. EXAFS studies have demonstrated that vacancies
fer Zr coordination when the zirconia is doped with t
small-radius cation erbium and dopant coordination in
case of the large-radius cation lanthanum.17 Given the vast
disagreements in the literature of the much more w
studied YSZ, one might be tempted to question the con
siveness of this observation. However, recent semiempir
calculations44,45corroborate these ideas, showing that vac
cies actually prefer to associate with the dopant ions ra
than Zr host ions, if the dopants are small enough~smaller
than the Zr ion!. Our calculations for the W1 structure let u
independently assess this issue from first principles fo
number of divalent and trivalent dopants. In both sets
calculations, the individual and average~there are two dop-
ant cations and one vacancy per W1 cell! vacancy-dopant
separations vary from 1NN to 3NN, depending on the pla
ment of the vacancy in the cell. Although the number
studied configurations for each individual dopant is sign
cantly smaller than in our extensive YSZ study, we still e
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pect to discern changes in the energetically prefer
vacancy-dopant separation preference as the ionic radii
ies with dopant.

For these purposes, we compute the difference in the
mation enthalpy between the W1 1NN and 3NN vacan
dopant configuration for each dopant, and plot these res
in Fig. 6. This analysis shows a clear preference for vacan
dopant association for dopants with small radii a
vacancy-Zr association for large dopants, with the crosso
point right at the radius of Zr—all in excellent agreeme
with semiempirical studies.44,45The one significant exception
to this clear trend comes from the smallest of the conside
dopants, B, which is also the dopant with the highest form
tion enthalpy~i.e., most unfavorable! in the W1 structure. In
addition, the largest of the considered dopants, Ba, show
slight energetic preference to go against this trend as we
is unclear at this point whether this is just an artifact of o
limited sampling and large span of considered ionic radii
if possibly the vacancy-dopant association tendencies
even more complicated than first anticipated.

D. Vacancy-dopant binding vs ionic conductivity

To determine the variations in the binding strength of t
vacancy-dopant complexes in each of the aliovalently do
systems, we next compute the maximum change in bind
energydEW1 as the vacancy position and the concomita
vacancy-dopant separation is changed~from 1NN to 2NN to
3NN! as illustrated in Fig. 4. These variations in th
vacancy-dopant binding energies are shown in Fig. 7 a
function of the ionic radius of the dopants. Again, a cle
trend emerges from these results: the smallest variation in
binding energy between dopant ions and vacancies oc
for dopants which are nearly ‘‘size matched’’ with Zr41.
This trend in the binding energy has important implicatio
towards understanding the ionic conductivity in these s
tems. For systems with a very small binding energy variat
~e.g., Sc2O3-doped ZrO2), the vacancies are unlikely to be
come bound at any particular coordination shell to a cat
site because there is no particular vacancy-dopant arra
ment that is preferred over another. Interestingly, the sa
trend was reported in a recent semiempirical study,45 dem-
onstrating the utility of such considerably simpler theoreti
descriptions. The good agreement between semiempi
and first-principles studies might be unexpected for suc
highly complex mixed ionic-covalent system, particular
given that previous attempts at describing conceptually s
pler aluminum oxides using similar interatomic potentia
have been considerably less successful. As discussed in
57, the likely explanation comes from the fact that therela-
tive ordering tendencies between different isovalent dopa
in zirconia are largely governed by elastic interaction
which are easier to capture in model descriptions than c
plex electronic interactions.

At low electrolyte temperatures, bulk anion mobility
dictated primarily by kinetic barriers to vacancy diffusio
As the electrolyte temperature is increased, however,
cancy hopping becomes sufficiently fast so that the rela
binding of the vacancy with regard to the dopant enviro
6-10
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ment starts to play an increasingly more important ro
Thus, especially at high temperatures, a small binding b
should be indicative of a high ionic conductivity, as fir
pointed out in semi-empirical studies.44,45 Indeed, the
Sc2O3-stabilized zirconia system, which has one of t
smallest binding biases in our study, has the highest con
tivity of any known binary doped zirconia. Other system
also observed to possess relatively high conductivi
(Y2O3- and CaO-doped! also are calculated to have a rel
tively small vacancy-dopant binding variation. Furthermo
all of the late lanthanide stabilizers experimentally noted
yield good ionic conductivity in cubic zirconia3 fit perfectly
into this simple model in terms of valency characteristics a
ionic size. These considerations also suggest that Al2O3 and
B2O3 doping of ZrO2 are likely to produce vacancies whic
are strongly bound to certain cation sites, and theref
likely poor conductors.

In addition to explaining well-established experimen
trends, our calculations also point to another particula
promising dopant material: from Fig. 7 we note th
In2O3-doped ZrO2 parallels the Sc2O3 system in terms of
having a small binding energy variation with respect to d
ferent vacancy-dopant separations. Thus, within the assu
tions outlined above, we highlight In2O3 as a dopant likely to
produce high ionic conductivity in cubic zirconia. Anoth
interesting point in favor of In2O3-doped ZrO2 is that the
DH of the ordered Zr6In2O15 compound in Fig. 5 ispositive,
whereas it is negative in both the Sc2O3 and Y2O3 doped
systems. This could indicated that In2O3-doped ZrO2 is less
susceptible to ordering tendencies, which can degrade
ductivity and lead to deleterious aging effects. While a m
extensive investigation of In2O3-doped ZrO2 ~ISZ! would
have to be performed to more firmly establish these con
sions, our preliminary results point to a less ordered so
solution phase in ISZ than in YSZ or ScSZ. The few existi
~experimental! reports on the conductivity of In2O3-doped
ZrO2,62–64all report a high conductivity in this system, com
parable or even better than that of YSZ. Further investiga
of this dopant system is thus justified, especially since io
conduction in ISZ has not been nearly as well studied~or
optimized! as in YSZ. Finally, we note that while we do no
find any defect states in the band gap of the few represe
tive structures of In2O3-stabilized zirconia~or any other of
the dopant systems considered here for that matter!, this par-
ticular system has been noted to exhibit a small degree
electronic conduction~ionic transference number.0.9) at
higher dopant concentrations.

At this point, one might wonder how a few select therm
dynamic calculations can possibly capture the complex
netic phenomenon of ionic conduction in defect-stabiliz
oxides. Clearly, these first-principles~parameter-free! calcu-
lations present some persuasive arguments that this is in
possible by correctly identifying the experimentally esta
lished best ionic conductors. To complement our thermo
namic considerations, we have embarked on a kinetic st
of ionic conduction in YSZ. Specifically, we have used
sophisticated transition-state search technique~the nudged
elastic band method65! to compute the activation energies f
vacancy-mediated oxygen diffusion in YSZ electrolyte
01410
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Since the number of possible defect arrangements even
single composition is very large and first-principles diffusi
barriers are prohibitively computer intensive, we have o
started to unravel the mechanisms, anisotropies, and ac
tion energies, for vacancy diffusion in stabilized zircon
From several such calculations for the Zr3Y4O12 composition
we can so far formulate the following conclusions:~i! the
vacancy diffusion is highly anisotropic,~ii ! it often involves
a considerable distortion of the ionic lattice, and~iii ! the
range of computed activation energies is quite wide, yet
far limited to about 1.4 eV. These barriers are of the sa
order as the effective activation energies measured in s
dard 8–10 mol % YSZ electrolytes, about 0.7–1.2 eV, d
pending on the thermal history of the oxide.3,5 To put these
numbers in perspective, a diffusion process with an acti
tion energy of 0.7~1.2! eV occurs on the order of once eve
picosecond~nanosecond! at an electrolyte temperature o
1000 °C~assuming a normal prefactor of about 1013 s21 and
ignoring geometrical influences!.66 Thus, even processe
with a ‘‘large’’ barrier happen quite readily at such elevat
temperatures, typical in electrolyte applications. Con
quently, it is not so surprising that experimental~impedance
spectroscopy! studies often find that the rate-limiting proce
in state-of-the-art~anode supported thin-film electrolyte!
solid-oxide fuel cells often is contained in electrolyt
cathode or electrolyte/anode interface processes rather
solely in bulk electrolyte vacancy diffusion.67,68

VI. CONCLUSIONS

In summary, we have combined powerful lattice algeb
techniques with modern state-of-the-art first-principles d
sity functional calculations to clarify the ordering and clu
tering tendencies in yttria-stabilized zirconia. We have th
used these findings to assess the vacancy binding prefere

TABLE III. Compilation of theoretical and experimental resul
for the relative energetic ordering of the three zero-pressure zi
nia phases. Energy differences are given with respect to the c
phase in units of meV/cation. A negative value ofdEt2c (dEm2c)
indicates a higher formation enthalpy for the tetragonal~mono-
clinic! over the cubic phase. The leftmost column indicates
exchange-correlation functional, the next one the choice of b
sets for expanding the wavefunction~PW-PP5plane-wave pseudo
potential, FLMTO5full potential linear muffin-tin orbital!.

XCF Method Reference dEt2c dEm2c

Expt. 69 257 2120
LDA PW-PP Present work 235 282

PW-PP 32 220 260
PW-PP 36 245 2102
PW-PP 34 248 2112
FLMTO 29 249 2105
PW-PP 30 199 246

GGA-PW91 PW-PP Present work 282 2188
PW-PP 32 280 2170

GGA-PBE PW-PP 32 280 2190
HF 41 28 15
6-11
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for a suite of other trivalent and divalent dopants in addit
to Y31. We find that anion vacancies in YSZ repel ea
other at short separations, but show an energetic prefer
to align as third nearest neighbors along^111& directions, in
excellent agreement with neutron scattering measureme
We also find a strong energetic dependence on cation
figuration. Regarding vacancy-dopant interactions, the an
vacancies prefer to be close to the smaller of the two catio
i.e., close to Zr ions in the case of over-sized dopants
close to the dopants otherwise. With dopant cations sim
in size to Zr41, the vacancies show no particular preferen
and are thus less prone to be tied up by the cations w
traversing such oxides. This lack of a strong preference
the vacancy-dopant separation offers some simple ins
into the high conductivity of, e.g., Sc2O3- and Y2O3-doped
zirconia, and points out In2O3 as a particularly promising
zirconia dopant for high ionic conductivity.

Of particular interest here is that we in this systema
study are able to establish the complete crystal structure~in-
cluding all atomic positions! of the only ordered structure
observed experimentally,d-Zr3Y4O12. By applying lattice
algebra techniques, we reduce the vast number of pos
structures to only 45 candidates, and then isolate the gro
state structure using first-principles calculations. The str
ture we identify as thed-Zr3Y4O12 phase~given in the Ap-
pendix! has its vacancies as third nearest neighbors al
^111&. Thus, the lowest-energy structure of this ordered co
pound follows the same rules we find for the solid soluti
range. In this study, we also discover new metastable Zr-
phases which have yet to be experimentally confirmed. S
confirmation very much depends on how high in temperat
these structures are stable.

ACKNOWLEDGMENTS

We gratefully acknowledge stimulating discussions w
D. Raczkowski.

TABLE IV. Comparison between LDA and GGA formation en
thalpies for the YSZ pyrochlores with and without includingp elec-
trons in the valence. Note that the formation enthalpies are q
generally shifted down in the GGA.

LDA GGA
Structure DHc DHv DHc DHv

CH 0.177 0.127 0.130 0.088
Y2.a 0.155 0.121 0.117 0.080
Y2.b 0.167 0.144 0.147 0.123
V2.a 0.536 0.471 0.450 0.383
V2.b 0.309 0.278 0.275 0.240
V2.c 0.254 0.226 0.239 0.207
V2.d 0.529 0.465 0.444 0.376
Z2.a 0.710 0.600 0.633 0.525
Z2.b 0.615 0.507 0.565 0.457
Z2.c 0.395 0.331 0.397 0.331
W2.a 0.062 0.051 0.042 0.029
W2.b 0.160 0.141 0.136 0.112
W2.c 0.062 0.045 0.015 20.006
W2.d 0.039 0.027 20.003 20.018
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APPENDIX

In this appendix, we summarize some technical results
the interested reader. Table III contains a comparison
tween different theoretical studies~and methods! regarding
the formation enthalpies of the three pure zirconia polym
phs~monoclinic, tetragonal, and cubic!. Our own results are
in excellent agreement with the most recent of these stud

Table IV contains the formation enthalpies for all of th
YSZ pyrochlore structures considered in this study. Four s
of computations were made:

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.

The general trend of explicitly including semicore states
the valence is a systematic downshift of formation enthalp
~towards more favorable enthalpies!. The same trend is note

te

TABLE V. Ionic coordinates for thed-Zr3Y4O12 structure, as
computed within DFT-GGA. The fully relaxed cation and anio
coordinates, as well as the ideal anion vacancy positionss1-s3 , are
given in scaled~direct! space, with the matrix multiplier~unit cell
vectors! for conversion to Cartesian coordinates provided in the fi
three lines (a1–a3), in units of Å. The last column shows the co
ordination numbern for cations, anions, and anion vacancies.

Unit cell vectors

a1 5.2832 2.6498 2.6099
a2 22.6055 5.2569 2.5793
a3 22.6754 22.7939 5.4271
Ion s1 s2 s3 n
Zr1 0.4600 0.1331 0.7602 O7

0.2543 0.4384 0.0969 O7
Zr2 0.8571 0.2857 0.4286 O6
Y1 0.9913 0.9829 0.0391 O7

0.7230 0.5885 0.8180 O7
Y2 0.1580 0.6715 0.5623 O7

0.5563 0.8999 0.2948 O7
O1 0.2874 0.1144 0.0036 Zr2Y2

0.4269 0.4571 0.8536
O2 0.6678 0.8736 0.9941 Zr1Y3

0.0465 0.6978 0.8630
O3 0.7690 0.2072 0.7326 Zr2Y2

0.9453 0.3642 0.1246
O4 0.1781 0.3066 0.5482 Zr3Y1

0.5362 0.2648 0.3089
O5 0.4408 0.8713 0.6083 Zr1Y3

0.2735 0.7002 0.2488
O6 0.7922 0.6004 0.4879 Zr1Y3

0.9221 0.9711 0.3692
h1 0.1071 0.0357 0.6786 Zr2Y2

h2 0.6071 0.5357 0.1786 Zr2Y2
6-12
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when gradient corrections are included. However, in all fo
sets of calculations, the relative energies are quite sim
indicating that the qualitative trends are unlikely to be
fected by XC or treatment of semicore states.

Table V gives the cell vectors and complete ionic po
tions ~both cations and anions! for the first-principles pre-
dicted lowest-energyd-Zr3Y4O12 structure. Experimental in
vestigations of thed phase have not yielded complete, ful
occupied cation positions, but rather some partial~Zr,Y!
id

-Z

te
di-
is

d

J

H.

n

.

m

ka

.

J.

01410
r
r,
-

-

occupations resulting in a relatively high-symmetry rhomb
hedral space group. Our first-principles calculations give
complete cation ordering and therefore necessarily yiel
low symmetry cell, which we find to be triclinic. We hav
not attempted to find the space group of this structure,
simply give the cell vectors in Cartesian coordinates~in Å!
and all the ionic positions in fractional~i.e., direct, not Car-
tesian! coordinates in terms of the three cell vectors. We a
indicate the ions which we find to be symmetry equivale
~i.e., those with the same Wyckoff position!.
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