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Ab initio study of structural and electronic properties of yttria-stabilized cubic zirconia
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Ab initio calculations have been performed on the structural and electronic properties of pure zirconia and
yttria-stabilized cubic zirconia~YSZ!. We use the local-density approximation to the exchange and correlation
energy functional. We expand the Kohn-Sham orbitals in plane waves and use norm-conserving fully separable
pseudopotentials. We find, in agreement with experiments that the most stable phase at zero temperature and
pressure is the monoclinic baddelyte structure which transforms under pressure in the brookite orthorhombic
phase. We then study the properties of the YSZ cubic phase using a supercell of 96 atoms. This is a defective
structure where oxygen vacancies and yttrium substitutional impurities play a major role. The pattern of
relaxation around the defects is consistent with the most recent scattering data, as well as their relative
interaction which leads to a next-nearest-neighbor attraction between vacancy and yttrium. The analysis of the
electronic properties show that single occupied color centers F1 are only marginally stable and decay into
neutral, doubly occupied F centers and empty~doubly charged! vacancies. Therefore, we found that the F1

center in YSZ is a negative Hubbard-U site.
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I. INTRODUCTION

Zirconia (ZrO2) is an important technological material.
is one of the best corrosion-resistant and refractive mate
used in metallurgy and as a thermal barrier coating
engines.1 The addition of aliovalent oxides such as Ca
MgO, and Y2O3 improves substantially its thermomechan
cal properties by stabilizing at low temperature the cu
phase3 which in pure zirconia is stable only at high temper
ture @.2650 K ~Ref. 2!#. Cubic stabilized zirconia~CSZ!
has very high strength, toughness, and thermal-sh
resistance.1 Furthermore the addition of substitutional catio
(Ca21,Mg21,Y31) induces the generation of oxygen vaca
cies for charge compensation which makes CSZ a fast
conductor used in oxygen sensors,4 oxygen pumps for partia
pressure regulation,5,1 and high-temperature fuel cells.6 The
amount of dopant necessary to stabilize the cubic phas
quite large. For instance, in yttria- (Y2O3) stabilized zirconia
~YSZ!, 8–40 % mol of yttria is required to stabilize the cub
phase.7 At this high dopant concentration, the interaction b
tween defects is believed to lead to complex ordering
aggregation of defects which have a crucial role in the io
conductivity of CSZ. Despite extensive experimen
studies8–20 there is no clear description of the defect-defe
interaction and aggregation, nor a clear understanding of
role played by impurities in the stabilization of the cub
phase. A great deal of work has been dedicated also to
study of the electronic properties of YSZ.21–32,34,33,35In fact,
in order to improve the performances of YSZ as an io
conductor, the characterization of the minority charge ca
PRB 590163-1829/99/59~2!/797~14!/$15.00
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ers is important as well. In particular the presence of oxyg
vacancies in CSZ suggested the possible existence of c
centers~F centers!, as occurs in other better characteriz
metal oxides.36–38 Experimentally, several deep electron
traps have been identified in the gap of YSZ but their assi
ment to well-defined intrinsic or extrinsic defect states is s
controversial and no compelling evidence of the existence
F centers has been provided so far.

From the theoretical side, empirical shell models ha
been used to model CSZ stabilized by CaO~Ref. 39! and
Y2O3.40–42However, later work showed that the shell mod
with only dipolar anion polarizability used by the previou
authors is inadequate to describe the different phase
zirconia.43 The partial covalent character of zirconia, ou
lined in manyab initio calculations,44–48 is probably respon-
sible for the difficulties encountered by empirical shell mo
els which are instead successfully applied to other more io
metal oxides.Ab initio methods have also been applied to t
study of cation impurities and vacancies in cub
zirconia.32,34,35,33 However, due to the small size of th
model system used, the role of defect-defect interaction
the yttria-zirconia solid solution has been only partially a
dressed in these previous theoretical works.

In this paper we report on a first-principles study of t
structural, electronic, and dynamical properties of yttr
stabilized zirconia in the density-functional theory~DFT!
framework using Car-Parrinello simulations,49,50 the compu-
tational details of which are reported in Sec. II below. W
modeled YSZ doped with 14% mol of yttria by superce
containing up to 96 atoms, with the aim of identifying th
797 ©1999 The American Physical Society
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798 PRB 59STAPPER, BERNASCONI, NICOLOSO, AND PARRINELLO
dopant-vacancy aggregation mechanism, the local struc
of the yttria-zirconia solid solution and the role of defec
defect interaction in determining the local distortion wi
respect to the average cubic symmetry. In order to check
reliability of our theoretical framework for YSZ, we firs
computed the equation of state at zero temperature of se
crystalline phases of pure zirconia~monoclinic, tetragonal,
cubic, and brookite! and pure yttria. The calculated structur
parameters, compressibility and transition pressures a
with experimental data within the usual accuracy of D
calculations, as reported in Sec. III. Our work is anab initio
calculation which reproduces the correct hierarchy in ene
of the various known crystalline phases of zirconia. In S
IV we report our results on the structural properties of YS
In particular we found that yttrium preferentially occupi
the site next-nearest-neighbor~NNN! to the vacancy, in
agreement with most recent experimental results17,18 and in
contrast with previous ones which suggested the site nea
neighbor~NN! to the vacancy.15,16,13We also found that the
largest deviation from the ideal cubic symmetry is due to
displacement of oxygen atoms nearest neighbor to the
cancy which move mainly alonĝ100&, as proposed by mos
recent neutron-scattering measurements.14 However, we also
found that other oxygen atoms and metal cations can m
substantially~as much as 0.2 Å!. The complexity of the pat-
tern of these latter minor displacements is probably the
son behind the diversity of the models deduced experim
tally from the fitting of scattering data.

In Sec. V the calculated electronic structure of our YS
sample is reported. Despite the presence of oxygen vacan
no electronic states in the gap corresponding to empty c
centers are found in our model of stochiometric YSZ. In fa
the Madelung field produced by the relaxed oxygen ato
NN to the vacancy prevents the formation of an empty el
tronic state in the gap. Conversely we found that two el
trons can be trapped in a neutral F center that is 0.57
lower in energy than two single charged F1 centers. Two F1

centers are therefore unstable with respect to decay int
empty vacancy and a neutral F center. In turn the trappin
a single electron in an F1 center is also only marginally
favored ~25 meV! with respect to electron injection in th
conduction band. These results are consistent with exp
mental findings, but are in contrast with previous theoreti
calculations34,33,35that neglected lattice relaxations. The d
viation from ideal cubic symmetry is therefore crucial for t
understanding of the electronic properties of YSZ.

II. COMPUTATIONAL METHOD

We adopted anab initio DFT framework in the local-
density approximation~LDA !.51 We computed the equatio
of state of the pure phases of zirconia by using nor
conservingab initio pseudopotentials52 and plane-wave ex
pansion of Kohn-Sham orbitals up to a kinetic energy cut
of 70 Ry. Integration over the Brillouin zone~BZ! was per-
formed by using special points53 in the irreducible part. Since
the cation-oxygen half-distance in zirconia is very close
the outermost node of the 5s eletronic state of the cation w
were forced to include as valence states the 4s and 4p elec-
trons of yttrium and zirconium, in order to generate a gh
free, transferable pseudopotential. As shown in Ref. 54,
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inclusion of the 4s and 4p states in the valence allows us
reproduce the bond length of the ZrO molecule, while
freezing the semicore 4s and 4p states the calculated ZrO
bond length is 12% smaller.55 The electronic configuration
used for the generation of the zirconium pseudopotential
@Ar#4s23d104p64d2 (12 ion! and the core radii were 1.35
1.45, and 1.55 a.u. for thes, p, andd wave functions, respec
tively. The electronic configuration for yttrium wa
@Ar#4s23d104p64d1 (12 ion! and the cutoff radii were 1.4
1.4, and 1.59 a.u. The generated 5s pseudo-wave function
does reproduce the outermost node of the corresponding
electrons wave function. In the study of isolated defects
cubic ZrO2 and of the YSZ we used a supercell containi
96 atoms with periodic boundary conditions. The lattice co
stant of YSZ was chosen according to the experimental r
tion a5ao10.003x wherex is the mole percent of yttria and
ao is the extrapolated lattice constant of yttrium-fre
zirconia.7 We choseao as our theoretical equilibrium lattice
constant of cubic fluorite. In these latter calculations as w
as in the study of pure yttria which contains 40 atoms in
unit cell, we restricted the BZ integration to the supercellG
point. Moreover, a Vanderbilt ultrasoft pseudopotentia56

was used for oxygen, which allowed us to decrease the
netic energy cutoff to 30 Ry in the supercell calculations. W
checked that the geometrical structural parameters were
verged within an error of 1% with the energy cutoff use
The optimization of the structure and theab initio molecular-
dynamics simulations in the supercell geometry were p
formed using the Car-Parrinello method.49,50 Geometry opti-
mization were performed using both a simulated annea
procedure and a Broyden-Fletcher-Goldfarb-Shan
algorithm.57 In the Car-Parrinello molecular-dynamics sim
lations we used a time step of 0.24 fs and a fictitious el
tronic mass of 1050 a.u.

III. THE PURE ZIRCONIA AND YTTRIA PHASES

A. Y2O3

Yttria has a cubic structure of space groupTh
7 (Ia3̄).58,59

The bravais lattice is body centered cubic and the conv
tional cubic unit cell contains 80 atoms. The unit cell co
tains two inequivalent cation sites, the sites 8a @8 yttrium

atoms at positions (14 , 1
4 , 1

4 )# and 24d @24 atoms at position

(u,0,14 )#. The oxygen atoms are at site 48e @48 oxygen atoms
at position (x,y,z)#. The structure is thus defined by th
lattice parametera and by the four internal structural param
etersx, y, z, andu.

We computed the equation of state of yttria at zero te
perature by fully relaxing the internal structure at each v
ume in the body-centerd-cubic unit cell containing 40 atom
Due to limited BZ sampling the equation of state had to
smoothed by correcting for the discontinuities in the basis
as a function of volume as described in Ref. 61. It was th
interpolated by a Murnaghan function.60 The calculated pa-
rameter of the Murnaghan equation of state and the inte
structural parameters are compared in Table I with exp
mental data and previousab initio calculations. The agree
ment with experimental data are within the usual accuracy
DFT-LDA calculations.
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TABLE I. Theoretical and experimental structural parameters of Y2O3 . B0 is the bulk modulus at zero
pressure andB08 the derivative ofB0 with respect to pressure at zero pressure.

a0 B0 B08 2u x y z
~Å! ~GPa!

This work 10.483 143 3.9 0.0327 0.3905 0.1518 0.3803
Theor. Ref. 77 10.424 183 4.1
Expt. 10.604a 150b, 170c 0.0327 0.3907 0.1520 0.3804a

aReference 59.
bReference 78.
cReference 79.
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B. ZrO 2

Zirconia has three zero pressure phases. At low temp
ture the monoclinic (C2h

5 ,P21 /c) phase is stable.62 Around
1400 K there is a phase transformation into the tetrago
(D4h

15 ,P42 /nmc) structure.63,64 The tetragonal phase con
verts into the cubic fluorite phase (Oh

5 ,Fm3m) at 2650 K
which in turn melts at 2950 K.2,9 At high pressure a phas
transition from monoclinic to the orthorhombic~orthoI!
brookite phase (Pbca) is reported for pressure in the rang
3–11 GPa.65–68 Less consensus is achieved on the ot
structures found at higher pressure and temperature.66,69,70

We computed the equation of state of the monoclin
tetragonal, fluorite, and brookite structures at zero temp
ture. In the BZ integration we used up to 10, 18, 44, an
special points in the irreducible part for monoclinic, tetrag
nal, fluorite, and brookite phases, respectively. The total
ergy of the different phases are converged within 2 me
atom with respect to BZ sampling. The internal structure w
optimized at each volume while the cell parameters w
kept fixed at the experimental equilibrium values, except
the simplest tetragonal structure for which also thec/a ratio
was optimized. This restriction is a minor approximation:
the monoclinic phase, for instance, the measuredb/a and
c/a ratio change by less than 1% and theb angle by 2.5° in
the range of densities considered in our calculated equa

FIG. 1. Computed energy versus volume data fitted by a M
naghan equation of state for monoclinic~m!, tetragonal~t!, cubic
~c!, and orthorhombic brookite~orthoI! phases.
a-

al

r

,
a-
8
-
n-
/
s
e
r

on

of state.65 The calculated energy versus volume data, fit
by a Murnaghan equation of state,60 are reported in Fig. 1.
The minimum energy of the different phases are compare
Table II with the results of previousab initio calculations. At
variance with previous works, the monoclinic phase is
lowest energy structure in agreement with experimental fi
ings. To our knowledge our work is the first parameter-fr
calculation which reproduces the correct hierarchy in ene
of the different phases. A previousab initio calculation71

within the same framework as that used here, except for
choice of a pseudopotential of zirconium, which did not i
clude semicore states in the valence, failed to reproduce
correct energy hierarchy. The calculated transition press
from monoclinic to brookite phase is 5.7 GPa, which co
pares well with the experimental transition pressure in
range 3–11 GPa.72 The parameters of the calculated Mu
naghan equations of state are compared in Table III w
experimental data and previousab initio calculations. The
measured bulk modulus of the monoclinic phase is scatte
in a wide range of 95–189 GPa. Uncertainties are a
present in the measured bulk modulii~Table III! of the te-
tragonal and cubic phases, which are obtained at low t
perature from yttria-stabilized phases and extrapolated to
zero impurity concentration limit. The theoretical intern
structural parameters of the monoclinic and brookite pha
are compared with the experimental data in Table IV. T
only internal structural parameter of the tetragonal phas

the parameterz of the oxygen position 4d (0,1
2 ,z).63 We

follow the literature convention44 of reporting the paramete
dz50.252z. The calculatedc/a ratio and internal paramete
dz of the tetragonal phase as a function of volume are
ported in Fig. 2. At the experimental equilibrium volum

TABLE II. Energies~eV/atom! at the minimum of the different
phases with respect to the ground-state energy of the monoc
phase. The experimental data for tetragonal corresponds to the
thalpy difference at the phase-transition temperature. The exp
mental data for cubic is obtained from the sum of the entha
differences at the monoclinic-tetragonal and tetragonal-cubic ph
boundaries.

Tetrag. Cubic OrthoI

0.021 0.037 0.013 This work
20.005 20.002 HF Ref. 32
0.048 0.015 20.033 DFT Ref. 71
0.021 0.040 Expt. Refs. 80,81

r-
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800 PRB 59STAPPER, BERNASCONI, NICOLOSO, AND PARRINELLO
c/a51.435 anddz50.042, which have to be compared wi
the experimental valuesc/a51.426 anddz50.0574 obtained
from extrapolation at zero temperature of the hig
temperature measurements using thermal expansion da64

At the theoretical equilibrium volumec/a51.438 anddz
50.044.

The calculated structural parameters are overall in ex
lent agreement with experimental data and similar to the
sults of previous Hartree-Fock44,32 and DFT ~Refs. 45 and
71! ab initio calculations. As opposed to previous theoreti
works our results also reproduce the correct relative ener
of the different phases.

IV. YTTRIA-STABILIZED CUBIC ZIRCONIA

The fluorite phase of ZrO2 can be stabilized at ambien
conditions by doping with oxides like Y2O3. The dopant

TABLE III. Structural parameters of monoclinic, tetragonal, c
bic, and orthorhombic brookite~orthoI! phases of zirconia. Our re
sults are compared with experimental data and with previ
Hartree-Fock~HF! and density-functional-based~DFT! ab initio
calculations. The structural parameters of the orthoI phase co
sponds to the volume at which the monoclinic→ orthoI phase
transition takes place.

Phase V/Atom B0 B08

Å 3 GPa

Cubic
This work 10.91 268 3.6

Expt. 10.99a 194–220b

Theor. HFc 11.41
Theor. DFTd 11.34 267

Theor. FLAPWe 10.76 221

Tetragonal
This work 11.13 197 5.0

Expt. 11.02a 190f

Theor. HFc 11.45
Theor. DFTd 11.83 200

Theor. FLAPWe 10.81

Monoclinic
This work 11.68 185 1.8

Expt. 11.74f 95–189g 4–5h

Theor. HFc 12.28
Theor. DFTd 11.88 157

Ortho I
This work 11.20 224 9.3

Expt. i 11.23 181–281 4.2–5

aReference 32, extrapolation to zero temperature using ther
expansion data from Ref. 64.

bReferences 64, 1, 82, and 83.
cReference 32.
dReference 71.
eReference 45.
fReference 84.
gReference 9.
hReference 65, 85, and 86.
iReferences 68 and 69.
-
.

l-
-

l
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cations are believed to substitute for Zr41 ions in the cation
sublattice thereby creating, for charge compensation,
oxygen vacancy every two trivalent Y31. A simple rational-
ization of the stabilization process relies on the fact that
covalent nature of the Zr-O bond favors a sevenfold coo
nation of zirconium as in the monoclinic phase. The prese
of oxygen vacancies in YSZ reduces the average zircon
coordination number from eight in the perfect fluorite to
value closer to seven. However, several factors may in
ence the stabilization process, such as defect-defect inte
tions in the solid solution.32 Despite extensive experimenta
and theoretical work, so far no detailed quantitative desc
tion of the stabilization mechanism has been provided for
first step towards the comprehension of the stabilizat
mechanism is the knowledge of the local environment of
dopant cations and vacancies in the solid solution. Since
trium and vacancy can be seen as point defects with ch
21 and 12, respectively, Coulomb energy consideratio
suggest that yttrium is most likely nearest-neighbor~NN! to
the vacancy. On the other hand, the aforementioned sta
zation mechanism would maximize the number of seven-f
zirconium, leaving zirconium nearest neighbors to vacanc
and yttrium next-nearest neighbor~NNN!. Secondly, yttrium
being an oversized cation would prefer an eightfold oxyg
coordination. Experimental data disagree on the relaxa
pattern around the defects, on the relative location of
dopant cations and vacancies and on the extent of vaca
vacancy aggregation. Several extended x-ray absorption
structure ~EXAFS!,15 internal friction,16 and
neutron-diffraction13 studies concluded that yttrium is NN t
the vacancy, while other EXAFS~Refs. 17 and 18! data sug-
gested that yttrium is NNN to the vacancy. Calculations w
empirical potentials agreed with the latter model.42 Concern-
ing the deviation from the average cubic symmetry in t
solid solution, several authors concluded from x-ray a
neutron-diffraction measurements8,10,9 that each oxygen site
in YSZ can be replaced by four equivalent sites displac
along the ^111& directions. Contrary to this view othe
authors12,11proposed a model where the oxygen atoms NN
vacancies relax along thê100& directions towards the va
cancy. Steele and Fender13 and Argyriou et al.14 took this
latter view from neutron-diffraction measurements, but
lowed for a minority of oxygen atoms displaced along t
^111& directions. Moreover from neutron and x ray diffus
scattering several authors concluded that the oxygen va
cies are not randomly distributed on the anionic sublattice
cubic zirconia but they are strongly correlated~see Ref. 19
and references therein!. However no consensus on a sing
model of vacancy correlation has emerged so far. For
stance, models with vacancies preferably linked by 31/2a/2
along ^111&,20 or with vacancies preferentially separated
a along ^100& or by 101/2a/2 along^310&19 (a is the lattice
constant of cubic zirconia!, have been proposed. As dis
cussed in Sec. IV B, we addressed these issues by optim
the structure of several YSZ configurations with 14% m
yttria content, well inside the region of stability of the cub
phase. Firstly, we present in the next section the prelimin
calculations on the properties of dopant cation and vaca
at very low concentration limit which would represent th
behavior of noninteracting defects. These calculations p
vide information on the local distortion around the defe

s

e-

al-
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TABLE IV. Theoretical and experimental internal structural parameters in the Wyckoff notation~Ref. 87!
for monoclinic and orthoI phases of zirconia. The theoretical data correspond to the experimental equi
volume.

Wyckoff coordinates
This work Expt.

Baddeleyite
a55.1505a Zr~0.2769,0.0430,0.2100! ~0.2754,0.0395,0.2083! a

b/a51.1012 OI~0.0640,0.3237,0.3524! ~0.0700,0.3317,0.3447!

c/a51.0234 OII ~0.4497,0.7560,0.4790! ~0.4496,0.7569,0.4792!

b599.23°

OrthoI
a510.0861b Zr~0.8848,0.0357,0.2531! ~0.8843,0.0332,0.2558! b

b/a50.5217 OI~0.7895,0.3740,0.1268! ~0.7911,0.3713,0.1310!

c/a50.0505 OII ~0.9779,0.7393,0.4989! ~0.9779,0.7477,0.4948!

aReference 9.
bReference 88.
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The
long
and a first estimate of the energy of vacancy-dopant ag
gation. Moreover the comparison of the local distorti
around the isolated defects with respect to the displacem
pattern in the solid solution at higher dopant content w
allow us to estimate the extent of defect-defect interactio

A. Isolated defects

We relaxed a cubic supercell containing 96 atoms initia
in the fluorite structure and either a substitutional yttrium
vacancy (O22 ion missing! or a vacancy-yttrium complex
with yttrium NN or NNN to the vacancy. At this low dopan
concentration~3.2% mol yttria! the cubic phase is unstab
even locally. Therefore we fixed the positions of the ato
whose distance from a vacancy and an yttrium ion is lar
thanA3a/2 and 3a/4, respectively.

The eight oxygen atoms NN to the isolated yttrium r
laxed outwards along thê111& directions by 0.09 Å, as re
quired by the longer Y-O bond~2.25-2.34 Å in Y2O3) with
respect to the Zr-O bond~1.89 Å!. The zirconium atoms
nearest to yttrium relax towards the dopant by 0.08 Å.

FIG. 2. Calculated lattice parameters ratioc/a and internal
structural parameterdz of the tetragonal phase as a function
volume.
e-

nt
l
.

a

s
r

-

The displacement pattern around an isolated oxygen
cancy ~in the 95 atom supercell! is reported in Fig. 3. The
oxygen atoms NN to the vacancy move towards it~0.24 Å!
while the nearest zirconium atoms move outwards along
^111& directions~0.18 Å!, as expected due to repulsion fro
the 12 charged vacancy. The oxygen atoms nearest to
zirconium, but not NN to the vacancy, follow the displac
ment of the cation and move outwards along^111& ~0.04 Å!.
The oxygen atoms in the outermost right corner in Fig
move inwards~0.04 Å! along ^111& not being dragged by
any cation.

The displacement patterns of the complexes yttriu
vacancy with yttrium NNN or NN to the vacancy are r
ported in Figs. 4 and 5, respectively. In the configurati
with yttrium NNN, the displacement pattern around the v
cancy is only slightly modified by the presence of the dop
with respect to the isolated vacancy configuration in Fig.
The main perturbation is an enhancement of the displa

FIG. 3. Displacement pattern of atoms around an isolated
cancy in a 95 atom supercell. The vacancy is depicted as a s
cube. Oxygen atoms occupy the sites at the corners of the cu
Metal cations occupy half of the sites at the center of the cubes.
six oxygen atoms nearest neighbors to the vacancy move a
^100& while the zirconium atoms move outward along^111&.
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802 PRB 59STAPPER, BERNASCONI, NICOLOSO, AND PARRINELLO
ment along^100& of one oxygen atom~0.31 Å! due to the
superposition of vacancy attraction and yttrium repulsio
Conversely the presence of yttrium NN to the vacancy
duces large changes in the displacement pattern with res
to the simple superposition of the isolated yttrium and is
lated vacancy displacement patterns. In particular the
placement of the two oxygen atoms NN to both the vacan
and yttrium is drastically reduced, due to the opposite effe
of vacancy attraction and yttrium repulsion. Moreover t
yttrium atom moves outward with respect to the vacancy
nearly the same amount~0.12 Å! as zirconium does.

We estimated the yttrium-vacancy binding energy in t
NN and NNN configuration as

Ebind5EY1vac2Evac2EY2EZrO2,

whereEY1vac is the total energy of the supercell containin
the yttrium-vacancy complex,Evac and EY are the total en-
ergies of the supercells with isolated yttrium and vacan
respectively, andEZrO2 is the energy per formula unit of the
96 atom supercell of ideal cubic zirconia. Since the defe
are charged, the long-range cubic interaction between

FIG. 4. Displacement pattern of atoms around an yttriu
vacancy complex with the yttrium next-nearest neighbor to the
cancy in a 95 atom supercell.

FIG. 5. The same as Fig. 4 for the yttrium nearest neighbo
the vacancy.
.
-
ect
-
s-
y
ts

y

e

,

ts
he

defect and its periodic images in the supercell calculati
must be subtracted from the total energy. In the super
calculations the system is neutralized by a uniform ba
ground as usual. The long-range defect-image interactio
isolated yttrium and vacancy is modeled as73

Ec52
1

2
aq2/eoL, ~1!

wherea52.6373 is the Madelung constant for a simple c
bic lattice,L is the lattice constant of the cubic supercell, a
q is the charge of the defect~21 for yttrium and12 for the
vacancy!. eo529.3 is the estimated dielectric constant
YSZ.39 The obvious generalization of the previous formu
for the defect-image Coulomb interaction is used for t
yttrium-vacancy complexes.Ebind is 20.44 eV and20.10
eV for yttrium in the sites NNN and NN to the vacanc
respectively.

The behavior of isolated defects here described allow
to draw a preliminary comparison with the different stru
tural models of YSZ proposed in the literature. First, the s
NNN to vacancy is favored for yttrium by 0.34 eV wit
respect to the NN site. Secondly, in agreement with the m
recent neutron-diffraction data14 the main distortion from cu-
bic symmetry is due to the displacement of the oxygen ato
NN to the vacancy. They move along^100& directions to-
wards the vacancy by;0.220.3 Å ~exp. 0.17–0.23 Å, de-
pending on the yttrium content14!. In addition a large out-
wards displacement~0.18 Å! along^111& is found for cations
NN to the vacancy. Cation displacement along^111& has
been proposed by Steele and Fender13 based on neutron
diffraction data and by Liet al.18 from EXAFS. However,
these authors assumed a cation displacement towards th
cancy which is opposite to what we found for both zirconiu
and yttrium. In particular yttrium may be expected to mo
towards the vacancy, being a21 defect attracted by a12
charged vacancy. Apparently this naive model of dopa
vacancy interaction is not adequate, as implied also by
fact that yttrium prefers the site NNN to the vacancy.

These main qualitative features of the local structure a
energetics of defects in YSZ obtained here from the isola
defect calculations are confirmed by the more realistic ca
lations on the solid solutions at higher dopant concentra
reported in the next section.

B. Solid solution

At normal conditions the fluorite solid solution is stab
for yttria content in the range 8–40 % mol.7 At lower yttria
content the system is inhomogeneous and for yttria con
higher than 40% mol the system crystallizes in the Y4Zr3O12
ordered compound.7 Besides experimental limitations, unce
tainties are present in the precise location of the ph
boundaries also because it is not fully established that
yttria-stabilized phases studied at normal conditions are t
modynamically stable and not simply metastable structu
whose properties depend on the preparation conditions. M
tures of cubic solid solution and segregated microdomain
Y4Zr3O12 have also been proposed for yttria content betwe
15 and 40 % mol.7

We studied the properties of YSZ at 14.3% mol yttr
well inside the stability field of the cubic phase, by optimi
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-
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TABLE V. Configuration of defects in the different samples studied.Nh-h is the number of vacancy-vacancy pairs with a giv
vacancy-vacancy distance. The distances are given as integers which correspond to the order of shells of neighbors in the a
sublattice. For instance the distance 4 for the vacancy-vacancy is the fourth shell of neighbors of the oxygen in the oxygen atom
which correspond to the site reached by the vector^210&a/2. a is the lattice constant of cubic zirconia. AnalogouslyNh-Y andNY-Y refer to
vacancy-yttrium and yttrium-yttrium correlations. The pairs reported in the table are formed by a defect inside the supercell and b
other defects in the crystal including the periodic images. Due to periodic boundary conditions the number of pairs is much larger
obtained from the pair of defects both inside the supercell. The samples are classified in three sets: A, B, C~see text!. The total energies of
the relaxed structures are compared with the Coulomb energies of the unrelaxed structures obtained by assigning charges21 to yttrium and
12 to vacancies.

Conf. Nh-h Nh-Y NY-Y

h-h distance h-Y distance Y-Y distance Eab initio
relaxed ECoulomb

ideal

4 5 6 7 8 1 2 3 4 1 2 3 4 eV/Atom eV/Atom

A0 4 1 16 13 3 7 6 16 2 2711.959 242.121
A1 4 1 2 16 10 4 9 14 5 2711.963 242.160
A2 4 1 1 16 11 4 7 4 16 3 2711.961 242.149
A3 4 1 2 16 10 4 8 4 12 5 2711.960 242.153
A4 4 1 2 16 10 4 10 14 4 2711.960 242.160
B1 4 1 3 15 10 4 9 4 14 2 2711.956 242.136
B2 4 1 1 15 13 3 8 6 12 4 2711.955 242.125
B3 4 1 1 14 13 4 8 8 12 4 2711.953 242.123
B4 4 1 4 14 10 4 8 6 16 1 2711.950 242.141
B5 4 1 6 12 9 5 10 6 13 2 2711.940 242.136
B6 4 1 8 10 10 4 12 6 10 2 2711.933 242.159

C1 2 2 1 1 20 7 5 9 14 5 2711.957 242.205
C2 4 2 22 4 6 8 2 12 7 2711.955 242.225
C3 1 2 1 1 16 14 2 6 8 17 1 2711.944 242.201
C4 2 2 16 16 8 8 8 4 2711.934 242.276
C5 2 2 8 8 8 8 8 8 8 4 2711.900 242.202
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ing the structure of 16 different supercell samples. Sin
YSZ is a disordered system, ideally one would like to det
mine the defect distribution by making use of statistical sa
pling methods such as Monte Carlo. However this wo
require very large system sizes, prohibitively expensive in
ab initio calculation. Therefore, we built a model of YS
using as much as possible the information on defect inte
tions obtained in the previous section. We started from a
atom supercell of cubic zirconia and added four vacanc
and eight substitutional yttrium atoms in different configu
tions, keeping the vacancies not too close to each other
yttrium atoms NNN or NN to the vacancies. The relati
positions of vacancies and dopant cations in the differ
samples are reported in Table V. The total energies of
relaxed supercells are compared in Table V with the C
lomb energies of the unrelaxed structures computed by
signing charges to the defects only~12 to vacancy and21
to yttrium!.74 The samples in Table V of the sets labeled
and B have the same distribution of the vacancies, but
ferent yttrium configurations. The samples A also have
same number of yttrium in sites NNN to the vacancies a
differ amongst themselves because an yttrium can be a
same time NN to a vacancy and NNN to another, due to h
dopant content and small cell size.

From the total energies of the different configurations
Table V we can infer defect-defect interaction energies. T
first conclusions we can immediately draw is that there is
clear relation between the ideal Coulomb energies and
real total energies of the relaxed structures, indicating
e
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atomic relaxation plays a crucial role. Secondly, by fixing t
vacancy configuration the total energy decreases by incr
ing the number of yttrium atoms NNN to vacancies. In t
configurations C3–C5 there are chains of vacancies alig
along ^100& at a distance ofa. They are separated by a
oxygen NN to two vacancies. Due to symmetry this cent
oxygen does not move and these configurations are ener
cally unfavorable. This result is in contrast with the mod
deduced from x-ray diffuse scattering19 which assumes tha
the vacancies are preferentially joined by the vector^100&a.
However, we must say that our vacancies aligned alo
^100& are not a simple pair but an infinite chain, due to t
finite size of our cell and the periodic boundary condition

In order to estimate the defect-defect aggregation ener
in the solid solution we fitted the total energies as a sum
long-range screened Coulomb interaction between the
fects plus the sum of two-body short-range potentials
vacancy-vacancy, yttrium-vacancy, and yttrium-yttrium i
teractions. The total energy is written asEtot5Eo1Ec

11/2( i , jEsr(r i j ). Eo is a constant. The defect-defect inte
actionsEsr are short-range and defined for the distancesr i j
between the defects in the ideal cubic sites. Above a gi
shell of neighbors the short-range interactions are set to z
The long-range Coulomb interactionEc is between12 ~va-
cancies! and21 ~yttrium! charges screened by the estimat
dielectric constant of YSZ@eo529.3 ~Ref. 39!#. This
screened Coulomb potential also correctly describes
defect-image interaction.73 In Table VI the short-range inter
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action energies obtained from the fitting procedure are giv
The total vacancy-yttrium interaction energy,Esr(r )
22/eor , as a function of yttrium-vacancy distance is giv
in the last line of Table VI. The yttrium-vacancy interactio
potential has a minimum for yttrium NNN to the vacanc
The yttrium-vacancy aggregation energy is20.29 and20.53
eV for yttrium NN and NNN, respectively. The differenc
between the aggregation energies in the NN and NNN c
figurations~0.24 eV! is smaller but close to the value ob
tained from the isolated defects calculations in the previ
section~0.34 eV!. Similar values for vacancy-yttrium aggre
gation energy for yttrium NN@20.4 eV,40 20.28 ~Ref. 41!#
and NNN ~20.39 eV!42 to the vacancy have been obtain
also from empirical shell-model calculations. The proced
of fitting the total energies as the sum of two-body potent
assumes that the interactions between the defects are ad
which is in fact only a crude approximation since, as sho
below, the displacement pattern in the solid solutions
show large deviation from the simple superposition of
displacement patterns of isolated defects. Nevertheless
parameters in Table VI provide a useful order of magnitu
estimate of the defect-defect interaction energies. In part
lar the calculated yttrium-vacancy binding energy is in t
range of values estimated from statistical models of vaca
unbinding and migration, fitted on ionic conductivity data
a function of temperature and dopant concentration.75

Regarding the structure of YSZ, the main local displa
ment pattern around the vacancy found in the isolated de
is preserved in the solid solution. In Tables VII and VIII th
displacements of oxygen and metal cations are reported
the lowest energy samples of the sets A and B. For all
samples the largest displacement is for the oxygen atoms
to the vacancies which move mainly along^100&. In order to
discuss in detail the structure of YSZ, we choose the sam
A0 where no yttrium is NN to vacancies. Here all the oxyg
atoms NN to vacancies (53% of the total number of O! move
along ^100& with displacement amplitude from 0.25 to 0.5
Å ~average 0.34 Å, see Table VII!, but for deviation in other
directions smaller than 10%. The displacements of the o
gen atoms not NN to the vacancies are of different typ
25% of these O move less than 0.08 Å, another 25% m
along ^111& by ;0.15 Å, another 25% move still alon
^100& by ;0.15 Å and the rest move in different direction
even as much as 0.2 Å. As in the isolated yttrium-vaca
complex studied in the previous section, most of the zir
nium cations NN to the vacancies move outwards alo

TABLE VI. Short-range interaction energies~eV! between de-
fects fitted on the total energies of the 16 samples studied~see text!.
The distances between the defects are expressed as in Tab
h-Y 1 Coulomb in the last line is the sum of short-range a
screened Coulomb potential interactions between vacancy an
trium.

Esr ~eV! Distance

1 2 3 4
h-Y 0.160 20.299 20.123
Y-Y 0.123 0.208 0.025
h-h 20.730 20.976 20.560 20.119
h-Y 1 Coulomb 20.287 20.532 20.300 20.149
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^111& by ;0.25 Å. However, some of the zirconium cation
NN to the vacancies move still outwards but mainly alo
^110& by ;0.25 Å. This happens when the zirconium is bo
NN to a vacancy and to an oxygen atom which is in turn N
to another vacancy in positions^210&a/2 with respect to the
first one. The zirconium is then repelled along^111& by the
first vacancy, but attracted along^001& by the NN oxygen

V.

yt-

TABLE VII. Displacements of oxygen atoms~Å! with respect
to ideal cubic positions in the lowest energy samples of sets A
B ~see Table V!. Minimum, maximum, and average displaceme
are given separately for oxygen atoms NN and not NNN to vac
cies. The average displacement over all oxygen atoms is give
the last column.

O not NN to vac O NN to vac Total
Conf. dO

min dO
max ^dO& dO

min dO
max ^dO& ^dO&

A0 0.06 0.22 0.13 0.25 0.57 0.34 0.20
A1 0.05 0.30 0.15 0.07 0.83 0.34 0.20
A2 0.04 0.29 0.14 0.09 0.71 0.34 0.20
A3 0.03 0.34 0.14 0.08 0.84 0.34 0.20
A4 0.05 0.31 0.14 0.09 0.80 0.33 0.20
B1 0.05 0.33 0.15 0.18 0.70 0.33 0.20
B2 0.04 0.26 0.14 0.08 0.79 0.34 0.20
B3 0.05 0.28 0.14 0.18 0.69 0.34 0.20
B4 0.05 0.29 0.15 0.07 0.80 0.32 0.20
B5 0.03 0.26 0.15 0.07 0.65 0.29 0.20
B6 0.11 0.34 0.18 0.06 0.82 0.25 0.21

TABLE VIII. The same as in Table VII for metal cations.

Not NN to vac. NN to vac. Total
Conf. dY

min dY
max ^dY& dY

min dY
max ^dY& ^dY&

A0 0.07 0.11 0.09 0.09
A1 0.06 0.12 0.09 0.23 0.26 0.24 0.13
A2 0.05 0.13 0.09 0.23 0.23 0.23 0.11
A3 0.05 0.14 0.09 0.19 0.23 0.21 0.12
A4 0.04 0.13 0.09 0.21 0.26 0.24 0.12
B1 0.03 0.17 0.11 0.16 0.19 0.18 0.12
B2 0.07 0.13 0.09 0.19 0.19 0.19 0.11
B3 0.10 0.18 0.13 0.17 0.22 0.20 0.17
B4 0.02 0.13 0.09 0.18 0.22 0.20 0.15
B5 0.10 0.10 0.10 0.17 0.22 0.20 0.17
B6 0.16 0.25 0.21 0.21

Conf. dZr
min dZr

max ^dZr& dZr
min dZr

max ^dZr& ^dZr&

A0 0.03 0.14 0.07 0.21 0.29 0.25 0.19
A1 0.04 0.21 0.09 0.21 0.29 0.24 0.18
A2 0.03 0.16 0.08 0.21 0.29 0.24 0.18
A3 0.02 0.21 0.07 0.21 0.29 0.24 0.17
A4 0.02 0.18 0.09 0.21 0.29 0.24 0.18
B1 0.03 0.17 0.09 0.20 0.33 0.26 0.18
B2 0.03 0.18 0.08 0.20 0.29 0.25 0.19
B3 0.01 0.10 0.07 0.20 0.30 0.25 0.14
B4 0.03 0.17 0.08 0.19 0.30 0.25 0.17
B5 0.01 0.10 0.07 0.20 0.30 0.25 0.14
B6 0.04 0.11 0.07 0.21 0.32 0.25 0.13
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which moves towards the second vacancy which results
final displacement alonĝ110&. For the other samples wher
some yttrium atoms are NN to the vacancies, we found~as in
the isolated defect calculations! that the oxygen NN to va-
cancies but not to yttrium have enhanced displacem
mainly along^100& @here with deviation from̂ 100& of up
20%#. Conversely the oxygen atoms NN to both yttrium a
vacancies do not move appreciably. This is the reason for
small minimum and large maximum displacements of o
gen atoms NN to vacancies in Table VII for samples ot
than A0. A visual inspection of Fig. 6 reveals the extent
defect-defect interactions in determining the relaxation p
tern of the solid solution. The figure reports the distributi
of atomic displacement amplitudes in the relaxed sample
compared with what is expected from the linear superp
tions of the isolated defects displacement patterns. Altho
the deviations from the linear superposition are usually la
for the samples studied, the main pattern we identified fr
the isolated defects is still valuable and can discriminate
tween the different models obtained experimentally fro
scattering data. We can summarize our results as follo
The largest displacements occur for oxygen atoms NN to
vacancies which move mainly alonĝ100&. Although the
average displacement amplitude (;0.3 Å! is close to that
obtained in some models fitted on neutron-diffraction d
@0.25–0.36 Å alonĝ100& ~Refs. 13, 12, and 14!#, individual
displacements can be as large as 0.6–0.8 Å~see Table VII!.
Besides oxygen NN to vacancies, other oxygen atoms
occasionally move as much as 0.2 Å in different directio
Only the metal cations NN to the vacancies move appre
bly (;0.2 Å! outwards but not always alonĝ111&. The
complexity of the pattern of these latter minor displaceme
is probably the reason behind the diversity of the mod
deduced by several groups analyzing scattering data.

In order to compare our structure with experimental d
we computed the structure factor of sample A0~including
thermal effects! from a Car-Parrinello molecular-dynamic
run at 315 K~1.3 ps long!. Our results are compared in Fig
7 with the experimental neutron-diffraction pattern on po
ders reported by Steele and Fender.13 From the structure fac

FIG. 6. Distribution of the oxygen atoms displacements w
respect to ideal cubic positions in the YSZ sample A0~see text!
obtained from~a! full ab initio geometry optimization and~b! from
linear superposition of the displacement patterns found for the
lated defects.
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tor we computed the diffraction scattering intensity with t
same nuclear scattering lengths and neutron wavelength
experimentally.13 The diffraction patterns of the othe
samples of the set A are of similar quality. This shows th
our samples do preserve on average a cubic arrangeme
experimentally observed and gives us confidence on the
liability of the defects distribution chosen as a model of t
solid solution.

From the molecular-dynamics trajectories we also co
puted the thermal mean-square displacement of the diffe
species ^u2& and the isotropic Debye-Waller factorB
58p2^u2&. TheB factors for the different species are com
pared in Table IX with the experimental data. Our results
within the wide range of values reported experimentally. A
other structural function, in principle, attainable from scatt
ing data is the pair-correlation function. The calculated pa
correlation functions for the different species obtained fro
the molecular dynamics run at 315 K are reported in Fi
8–11. The first peak of the Y-O pair-correlation functio
gYO(r ) is at a greater distance with respect togZrO(r ), as
expected due to the longer Y-O bond. A clear signature
the distortion from ideal cubic structure is mostly evident
oxygen-oxygengOO(r ) ~Fig. 8! and metal-metalgMM(r )
~Fig. 11! pair-correlation functions. Both the total@Fig. 8~b!#

TABLE IX. Debye-Waller factorB ~see text! computed from
the molecular dynamics run at 315 K and from the experimen
data of Refs. 13,12,14. Onn and Zrnn refer to quantities computed
only for atoms NN to vacancies.

B(Å 2)
Atom Expt. This work

Onn 1.45
O 0.63–1.2 1.26
Zrnn 0.83
Zr,Y 0.62–1.43 0.95

o-

FIG. 7. Neutron-diffraction pattern computed from the molec
lar dynamics run of YSZ (ZrO2-14.6 % Y2O3) at 315 K. The dots
are the experimental scattering intensities of a sam
ZrO2-13% Y2O3 from Ref. 13. The theoretical diffraction pattern
computed by using the scattering lengths and neutron wavele
reported in Ref. 13. The theoretical structure factor is multiplied
the factor 1/sin2(u)cos(u) to compare with experimental intensitie
The largest peak is normalized to the experimental intensity.
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and partial@Fig. 8~a!# gOO(r ), computed for the oxygen at
oms only NN to the vacancies, show an additional peak
;3.1 Å not present in the ideal fluorite structure. This pe
is due to a pair of oxygen atoms which are both NN to
same vacancy. By relaxing towards the vacancy their se
ration decreases from the ideal 3.54 Å to 3.1 Å thus p
ducing the additional peak in Fig. 8. In the metal-metal pa
correlation function~Fig. 11! the additional peak at;3.9 Å
is due to the displacement of zirconium atoms NN to
vacancies.

V. ELECTRONIC PROPERTIES OF YTTRIA-STABILIZED
CUBIC ZIRCONIA

The measured optical band gap of the monoclinic a
tetragonal phases of pure zirconia is around 5.2 eV.76 DFT
calculations of the electronic structure of pure zirconia46,47

suggest that the electronic gap of the cubic phase shoul

FIG. 8. Oxygen-oxygen pair-correlation function comput
from the molecular dynamics run of YSZ at 315 K, 1.3 ps long
~a! the oxygen atoms nearest neighbors to the vacancies and~b! all
the oxygen atoms in the sample. Arrows indicate the peaks pos
in the ideal cubic structure.

FIG. 9. Zirconium-oxygen pair-correlation function computed
at
k
e
a-
-
-

e

d

be

similar. In YSZ the true band gap between extended sta
in valence and conduction bands is estimated aro
5.2–5.8 eV from absorption and photoluminescen
spectroscopy.22–24 However, a consistent absorption tail d
velops already around 4 eV.21 This apparent absorption edg
is attributed to transitions from the valence band to still u
assigned localized states in the gap, either due to extri
defects or induced by the disorder in the yttria-zirconia so
solution.25 The presence of oxygen vacancies in YSZ su
gested the possibility of the formation of color centers~dou-
bly charged vacancy with no trapped electrons, sin
charged F1 with one trapped electron and neutral F with tw
trapped electrons! as seen in other metal oxides such
MgO, CaO,36,37 and SnO2.38 Color centers in different
charge states were proposed by several authors34,33,35based
on DFT calculations on clusters or supercell geometr
However, these latter calculations did not include cons
tently atomic relaxations whose amplitude in YSZ is so lar
around the vacancy that a quantitative result could hardly
drawn from electronic structure calculations which negl
them. Experimentally, deep electronic traps in the gap
detected in optical absorption and EPR measurements w
additional electrons are added either by electron-hole gen
tion in UV or x-ray-irradiated samples27 or by reducing YSZ
in low oxygen partial pressure atmosphere.28,30 A broad ab-
sorption band centered at 365 nm~yellow color! appears
upon irradiation29 or reduction.28,30 At higher electron con-
tent in heavily reduced samples, another broadband at
nm ~dark brown color! is observed in absorption.28,21,30The

r

n

FIG. 10. Yttrium-oxygen pair-correlation function.

FIG. 11. Metal-metal pair-correlation function.
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yellow color center appears together with a paramagn
EPR signal,28,30,29 while the dark brown center is not EP
active. Although the 365 nm line was initially attributed
the F1 center,31 later analysis of the symmetry of the ass
ciated EPR signal argued in favor of a sixfold Zr31 site29,28

or to a seven-fold coordinated Ti31 impurity.26 On the other
hand the 480 nm line has been attributed to a seven-
coordinated Zr31 ion.28 Other authors,30 based on the ab
sence of EPR activity, assigned instead the latter line t
neutral F center and assumed that two single charged1

centers apparently not seen in EPR would eventually de
into the neutral, EPR inactive F center. However, a comp
ling experimental evidence of a color center in any cha
state is still lacking.

Here we address this issue by computing the electro
structure of the samples described in the previous secti
In Fig. 12 the electronic density of states~DOS! of pure
cubic zirconia and of the YSZ sample~A0! are compared.
Since we used only theG point of the 96 atoms supercell, th
DOS of the pure system appears as a series of peaks. In
the doping and disorder broaden the peaks, but change
band gap only slightly from 3.3 eV in pure zirconia to 3.6 e
in YSZ ~cf. Fig. 12!. Previous DFT-LDA band-structure
calculations33,46,45,48found a direct band gap in cubic zirco
nia in the range 3.3–4.1 eV, in agreement with our result.
apparent in Fig. 12 no electronic traps are present in the
of YSZ. Although oxygen vacancies are present in
sample, the large inward relaxation of oxygen atoms NN
the vacancies generates a Madelung field which prevents
formation of a deep state in the gap associated with an e
tron trapped in the vacancy~color center!. In order to further
support this interpretation we computed the DOS for the i
lated vacancy configuration described in Sec. IV A. In F
13 the DOS of the isolated vacancy in relaxed and unrela
configurations in different charge states is reported.
adopted the local-spin density approximation~LSD! for the
configurations containing an unpaired spin. The value of
band gap, the conduction band minimum~CBM!, the valence
band maximum~VBM !, and the position of the color cente

FIG. 12. Electronic density of state~DOS! of pure zirconia and
YSZ ~sampleA0, see Sec. IV B!, computed from the Kohn-Sham
orbitals at theG point of the 96 atom supercells. DOS are broa
ened by a Gaussian with 0.1 eV variance.EF is the Fermi level. The
oxygen 2s, zirconium and yttrium 4s and 4p states are below210
eV.
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level with respect to the VBM are reported in Table X for th
different configurations of the vacancy. The energy gain d
to atomic relaxation is also shown. The unrelaxed vaca
with charge12 ~no trapped electrons! does show the empty
color center state in the gap@Fig. 13~a!# predicted by previ-
ous theoretical work.33,35However, the relaxation of the oxy
gen atoms NN to the vacancy shifts the color center le
inside the conduction band and the empty electronic stat
the gap disappears. If we add an electron to the unrela
vacancy a F1 state is present in the gap@Fig. 13~b!#. The
Madelung field produced by the relaxed oxygen atoms sh
the color center state to higher energy but still below
CBM in this latter case@Fig. 13~b!#. Due to the presence o
the trapped electron in the F1 center the oxygen atoms NN
to the vacancy relax alonĝ100& toward the vacancy by only
0.13 Å, compared with the displacement amplitude of 0.23
for the 12 charge state~see Sec. IV A!. However, the total
energy of the relaxed vacancy with one electron trapped
the F1 center is only marginally lower~26 meV! than the
energy of the fully relaxed vacancy~Fig. 3! with the addi-
tional electron injected in the conduction band. Therefore
ability of the vacancy to trap an electron in the F1 state is
marginal. Conversely, by adding two electrons to the
cancy a neutral F center is clearly found both in the un
laxed and relaxed@Fig. 13~c!# configurations. With two elec-
trons trapped in the vacancy the oxygen atoms relax al
^100& by only 0.07 Å. The total energy of the neutral
center is such that two isolated F1 centers are unstable wit
respect to decay into a doubly occupied F center and
empty vacancy. The energy gainU of this latter process is
computed asU5Eo1E222E1 , whereE0 , E1 , andE2 are
the total energies of the relaxed F, F1, and the doubly-
charged-vacancy centers, respectively. We subtracted f
the supercell total energy the Coulomb energy due to
interaction of the charged defects with their periodic imag
The defect-image Coulomb energy is estimated by the
mula ~1! whereq is 12 for the12 charged vacancy and11
for the F1 state, anda, eo , and L are as before~see Sec.
IV B !. The resulting negative ‘‘Hubbard-U’’ of the colo
center isU520.56 eV. Our results support the assumpti
made in Ref. 30 that the F1 center is unstable and eve
reproduce the numerical value ofU used there30 to model the
defect concentration as a function of oxygen partial press
in the reduced samples. In other metal oxides@MgO,36 SnO2
~Ref. 38!# where the F center exists for several charge sta
the pure phase is stable and the oxygen atoms NN to a
cancy relax only slightly. Conversely the ideal cubic phase
unstable in pure zirconia at normal conditions. The cu
phase is stabilized only by the presence of vacancies
metal impurities in YSZ where the atoms NN to the vaca
cies have large relaxation and partially close the void of
vacancy, hindering the electron trapping. The oxygen ato
should move back closer to the ideal cubic positions to all
the localization of an electron in the vacancy. The ene
gain due to electron trapping from the conduction band
opposed to an energy cost due to the outwards displacem
of oxygen atoms. In the neutral F center the energy gain
to electron trapping is twice the trapping energy of a sin
electron in the F1 ~apart from on-site Coulomb repulsion!
while the additional lattice energy cost is only slightly large
This energy balance makes F1 a negative Hubbard-U center.

-
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FIG. 13. Electronic density of state of an isolated vacancy in a 95 atom supercell in different charge states. DOS for rela
unrelaxed configurations are reported.~a! charge12 ~no trapped electrons!; ~b! charge11 ~one trapped electron!; ~c! charge 0~two trapped
electrons!. The arrows show the position of the levels induced by the presence of the vacancy~color centers!.
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Since in YSZ the vacancies have a charge12, compensated
by the presence of substitutional yttrium, the additional el
trons forming the F neutral centers must be provided by
ducing the sample~adding additional neutral vacancies! or
by electron-hole generation by irradiation. The DOS in F

TABLE X. Energy gap (Eg), valence band maximum (EVBM),
conduction band minimum (ECBM), position of the F center (Edef)
with respect toEVBM for the isolated vacancy in relaxed and unr
laxed configurations of different charge state. The calculations r
to a 95 atom supercell. Energies are in eV.DEr is the energy gain
due to atomic relaxation.

Ideal Relaxed
Charge 12 11 0 12 11 0

Eg 2.75 3.23 3.31 3.29 3.30 3.31
EVBM 6.73 6.66 6.60 6.61 6.60 6.59
ECBM 9.48 9.89 9.91 9.90 9.90 9.90
Edef 0.46 1.35 2.31 2.91 2.55
DEr 3.50 1.18 0.16
-
-

.

13 correspond to an isolated vacancy without yttrium imp
rity. As shown in Sec. IV A yttrium does not affect the oxy
gen displacement pattern around the vacancy when place
the lowest energy site NNN to the vacancy. Since yttrium
a 21 charged defect, its presence close to the vacancy m
be expected to produce an additional repulsive Madel
field for the electrons which would push up the energy of
F centers. However, by adding an additional electron and
yttrium impurity in the NNN site, we found that the positio
of neutral F center level with respect to the valence ba
maximum is only slightly lower in energy~0.02 eV! than the
value reported in Table X. Although mainly localized in th
vacancy region, the wave function of the electron trapped
the color centers has a not-negligible overlap with t
d3z22r 2 atomic orbitals localized on the four Zr ions NN t
the vacancy. The mixing of ans-like state localized in the
vacancy with thed states of the neighboring cations is n
surprising. In fact, the states at the bottom of the conduc
band in pure zirconia have mainlyd character.35,44

As a final remark, it should be noted that the calcula
position of the color center levels with respect to the CBM

er
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probably underestimated due to the error in the electro
gap, usual in DFT-LDA framework. On the other hand, t
value of the Hubbard-U is reliable since it is obtained from
the difference of total energies not affected by the failures
DFT-LDA in describing excited-state energies. Therefo
while we are confident in the prediction of the instability
the F1 center with respect to decay into the neutral F cen
the exact positions of the color centers level with respec
the CBM require more sophisticated calculation beyo
DFT-LDA that are better able to describe the excited-st
energies.

VI. CONCLUSIONS

In summary, we have been able to correctly reproduce
structural behavior of pure zirconia at zero temperature
low pressure. Our calculations allow us to identify the ma
pattern of the atomic relaxation in YSZ. Based on tot
energy calculations we assign the position NNN to the
cancy as the preferential site for yttrium location. Our resu
also confirm the model of the displacement pattern from
ideal cubic symmetry deduced from the most recent sca
ing data.14 The largest deviation from the ideal cubic geom
etry is due to the displacement of the oxygen atoms NN
y

e,

r.,

s,

A

s.

d
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li

.

ic
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the vacancies moving mainly along^100& by 0.3 Å on the
average. However, other atoms can move as much as 0.
The structure factor and the Debye-Waller factor compu
from the dynamical simulation are in good agreement w
the experimental scattering data and provide further evide
of the reliability of our model for YSZ. Furthermore th
analysis of the electronic properties let us identify the1

color center as a negative Hubbard-U site. Although we have
not addressed the problem of the mechanism of vacancy
fusion in the fast-ion conductor regime, simulations of t
kind here described might help clarify this issue as well.
the other hand, the size of our samples, although fairly la
for an ab initio calculation, are still too small to properl
address the other issue of vacancies aggregation and ord
proposed in some experimental works.19,20 However, theab
initio data provided in this work could be used to tune ne
more transferable, empirical potentials43 able to address this
latter problem via thousand-atoms simulations.
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