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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 zirconi@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 centéraré only marginally stable and decay into
neutral, doubly occupied F centers and em@yubly chargeflvacancies. Therefore, we found that the F
center in YSZ is a negative Hubbaldlsite.
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[. INTRODUCTION ers is important as well. In particular the presence of oxygen
vacancies in CSZ suggested the possible existence of color
Zirconia (ZrQ,) is an important technological material. It centers(F centery as occurs in other better characterized
is one of the best corrosion-resistant and refractive materialsetal oxides®-3 Experimentally, several deep electronic
used in metallurgy and as a thermal barrier coating irtraps have been identified in the gap of YSZ but their assign-
engines. The addition of aliovalent oxides such as CaO,ment to well-defined intrinsic or extrinsic defect states is still
MgO, and Y,05; improves substantially its thermomechani- controversial and no compelling evidence of the existence of
cal properties by stabilizing at low temperature the cubicF centers has been provided so far.
phasé which in pure zirconia is stable only at high tempera- From the theoretical side, empirical shell models have
ture [ >2650 K (Ref. 2]. Cubic stabilized zirconidCS2) been used to model CSZ stabilized by CéRef. 39 and
has very high strength, toughness, and thermal-shock,0;.%°"*2However, later work showed that the shell model
resistancé.Furthermore the addition of substitutional cation with only dipolar anion polarizability used by the previous
(Ca&*,Mg®",Y3") induces the generation of oxygen vacan-authors is inadequate to describe the different phases of
cies for charge compensation which makes CSZ a fast iomirconia?® The partial covalent character of zirconia, out-
conductor used in oxygen sensBisxygen pumps for partial lined in manyab initio calculations**~*8is probably respon-
pressure regulation’ and high-temperature fuel cefisThe  sible for the difficulties encountered by empirical shell mod-
amount of dopant necessary to stabilize the cubic phase &s which are instead successfully applied to other more ionic
quite large. For instance, in yttria- $©;) stabilized zirconia metal oxidesAb initio methods have also been applied to the
(YSZ), 8—40 % mol of yttria is required to stabilize the cubic study of cation impurites and vacancies in cubic
phas€. At this high dopant concentration, the interaction be-zirconia®?43%33 However, due to the small size of the
tween defects is believed to lead to complex ordering ananodel system used, the role of defect-defect interaction in
aggregation of defects which have a crucial role in the ionidhe yttria-zirconia solid solution has been only partially ad-
conductivity of CSZ. Despite extensive experimentaldressed in these previous theoretical works.
studie§?° there is no clear description of the defect-defect In this paper we report on a first-principles study of the
interaction and aggregation, nor a clear understanding of thetructural, electronic, and dynamical properties of yttria-
role played by impurities in the stabilization of the cubic stabilized zirconia in the density-functional theofpFT)
phase. A great deal of work has been dedicated also to tHfeamework using Car-Parrinello simulatioffs°the compu-
study of the electronic properties of Y$Z:32343333 fact,  tational details of which are reported in Sec. Il below. We
in order to improve the performances of YSZ as an ionicmodeled YSZ doped with 14% mol of yttria by supercells
conductor, the characterization of the minority charge carricontaining up to 96 atoms, with the aim of identifying the
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dopant-vacancy aggregation mechanism, the local structuiaclusion of the 4 and 4p states in the valence allows us to
of the yttria-zirconia solid solution and the role of defect- reproduce the bond length of the ZrO molecule, while by
defect interaction in determining the local distortion with freezing the semicoreséand 4 states the calculated ZrO
respect to the average cubic symmetry. In order to check thgond length is 12% smalléF. The electronic configuration
reliability of our theoretical framework for YSZ, we first ysed for the generation of the zirconium pseudopotential was
computed the equation of state at zero temperature of severgh14s23d%p®4d? (+2 ion) and the core radii were 1.35,
crystalline phases of pure zircon{enonoclinic, tetragonal, 1.45, and 1.55 a.u. for tr& p, andd wave functions, respec-
cubic, and brookiteand pure yttria. The calculated structural tively. The electronic configuration for yitrium was
parameters, compressibility and transition pressures agrea\114s23d%p4dt (+2 ion) and the cutoff radii were 1.4,
with experimental data within the usual accuracy of DFT1_4, and 1.59 a.u. The generated pseudo-wave function
calculations, as reported in Sec. lll. Our work is@minitio  yoes reproduce the outermost node of the corresponding all-
calculation which reproduces the correct hierarchy in energyecirons wave function. In the study of isolated defects in

of the various known crystalline phases of zirco_nia. In Secqpic Zr0, and of the YSZ we used a supercell containing
IV we report our results on the structural properties of YSZ.9g 410ms with periodic boundary conditions. The lattice con-
In particular we found that yttrium preferentially occupies giant of YSZ was chosen according to the experimental rela-

the site next-nearest-neighbéNNN) to the \é%;:tg;cy,_m tion a=a,+0.00% wherex is the mole percent of yttria and
agreement with most recent experimental re nd in is the extrapolated lattice constant of yttrium-free

contrast with previous ones VEV,E‘L.,C{; suggested the site rlearezsi?rconia? We chosea, as our theoretical equilibrium lattice
neighbor(NN) to the vacancy>*®**We also found that the constant of cubic fluorite. In these latter calculations as well

largest deviation from the ideal cubic symmetry is due to theas in the study of pure yttria which contains 40 atoms in the

displacerr]r)er?t of oxyggnl at<|)ms nearest neighbcc)jrbto the Vainit cell, we restricted the BZ integration to the supercell
cancy which move ma!nyaongLOO), as proposed by most point. Moreover, a Vanderbilt ultrasoft pseudopotential
recent neutron-scattering measureméhitdowever, we also was used for oxygen, which allowed us to decrease the ki-

Vfietic energy cutoff to 30 Ry in the supercell calculations. We
checked that the geometrical structural parameters were con-
%erged within an error of 1% with the energy cutoff used.
Mhe optimization of the structure and thb initio molecular-

dynamics simulations in the supercell geometry were per-

In Sec. V the calculated electronic structure of our YSZtomed using the Car-Parrinello meth&tP° Geometry opti-
sample is reported. Despite the presence of oxygen vacancigs, 4iion were performed using both a simulated annealing

no electronic states in the gap corresp(_)nding_to empty COIO;5rocedure and a Broyden-Fletcher-Goldfarb-Shanno
centers are found in our model of stochiometric YSZ. In faCtaIgorithm?7 In the Car-Parrinello molecular-dynamics simu-

the Madelung field produced by the rglaxed OXygen atomg,iinns we used a time step of 0.24 fs and a fictitious elec-
NN to the vacancy prevents the formation of an empty elec:[romC mass of 1050 a.u.

tronic state in the gap. Conversely we found that two elec-
trons can be trapped in a neutral F center that is 0.57 eV
lower in energy than two single charged Eenters. Two F
centers are therefore unstable with respect to decay into an
empty vacancy and a neutral F center. In turn the trapping of A. Y,0,

a single electron in an F center is also only marginally _ _ — 5550
favored (25 me\) with respect to electron injection in the _ Ytfria has a cubic structure of space g.ro'ljﬁp(laB). '
conduction band. These results are consistent with experiLhe bravais lattice is body centered cubic and the conven-
mental findings, but are in contrast with previous theoreticafional cubic unit cell contains 80 atoms. The unit cell con-
calculationd*3335that neglected lattice relaxations. The de-tains two inequivalent cation sites, the sites @ yttrium

substantially(as much as 0.2 A The complexity of the pat-
tern of these latter minor displacements is probably the re
son behind the diversity of the models deduced experime
tally from the fitting of scattering data.

Ill. THE PURE ZIRCONIA AND YTTRIA PHASES

viation from ideal cubic symmetry is therefore crucial for the atoms at positions7,3)] and 241 [24 atoms at position
understanding of the electronic properties of YSZ. (u,03)]. The oxygen atoms are at sitee@}8 oxygen atoms

at position §,y,z)]. The structure is thus defined by the
lattice parametea and by the four internal structural param-
etersx, y, z, andu.

We adopted arab initio DFT framework in the local- We computed the equation of state of yttria at zero tem-
density approximatioiLDA).>* We computed the equation perature by fully relaxing the internal structure at each vol-
of state of the pure phases of zirconia by using norm-ume in the body-centerd-cubic unit cell containing 40 atoms.
conservingab initio pseudopotential$ and plane-wave ex- Due to limited BZ sampling the equation of state had to be
pansion of Kohn-Sham orbitals up to a kinetic energy cutoffsmoothed by correcting for the discontinuities in the basis set
of 70 Ry. Integration over the Brillouin zon®Z) was per- as a function of volume as described in Ref. 61. It was then
formed by using special poirttsin the irreducible part. Since interpolated by a Murnaghan functihThe calculated pa-
the cation-oxygen half-distance in zirconia is very close torameter of the Murnaghan equation of state and the internal
the outermost node of thes®eletronic state of the cation we structural parameters are compared in Table | with experi-
were forced to include as valence states tkeadd 4p elec- mental data and previouwab initio calculations. The agree-
trons of yttrium and zirconium, in order to generate a ghosiment with experimental data are within the usual accuracy of
free, transferable pseudopotential. As shown in Ref. 54, th®FT-LDA calculations.

Il. COMPUTATIONAL METHOD
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TABLE |. Theoretical and experimental structural parameters #0.Y By is the bulk modulus at zero
pressure an@; the derivative ofB, with respect to pressure at zero pressure.

ag By Bg -u X y z

A) (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. 10.604 150b, 170° 0.0327 0.3907 0.1520 0.3864
®Reference 59.
PReference 78.
‘Reference 79.

B. ZrO, of state®® The calculated energy versus volume data, fitted

Zirconia has three zero pressure phases. At low tempercrt’-}’1 a Murnaghan equatfiorr: of'fsfftéféarehreported in Fig. 1.
ture the monoclinic €3, ,P2,/c) phase is stabl® Around 1 N€ Minimum energy of the different phases are compared in

1400 K there is a phase transformation into the tetragonaTak?Ie il W'th the res_ults of previolsn initio cglgulatlons. At

15 63,64 variance with previous works, the monoclinic phase is the
(Dzn,P4,/nm@) structure>>® The tetragonal phase con- ; ) . :

1S into the cubic fluorite phaseoﬁ Fm3m) at 2650 K !owest energy structure in agreemt_ant W|th experimental find-
ve;]r. hi | 2950 RS A h', h h ings. To our knowledge our work is the first parameter-free
which In turn metts at 29: - Athigh pressure a phase .\ ation which reproduces the correct hierarchy in energy
transition from monoclinic to the orthorhombirthol)

. . _ of the different phases. A previousb initio calculatiorf*
brookite phase Rbca) is reported for pressure in the range imin the same framework as that used here, except for the

3-11 GP#°% Less consensus is achieved on the other

found at high q 56600 choice of a pseudopotential of zirconium, which did not in-
structures found at higher pressure and temperature.” ¢, 4e semicore states in the valence, failed to reproduce the
We computed the equation of state of the monoclinic

: . 'correct energy hierarchy. The calculated transition pressure
tetragonal, fluorite, and brookite structures at zero temperg: ;.\ monoclinic to brookite phase is 5.7 GPa, which com-

ture. In the BZ integration we used up to 10, 18, 44, and 8pares well with the experimental transition pressure in the

special points in the irreducible part for monoclinic, tetrago-range 3-11 GPZ The parameters of the calculated Mur-
nal, fluorite, and brookite phases, respectively. The total en :

. o naghan equations of state are compared in Table Il with
ergy of the different phases are converged within 2 meVP g 9 b

ith i he i ! experimental data and previoa® initio calculations. The
atom with respect to BZ sampling. The internal structure wagy, a5 red bulk modulus of the monaclinic phase is scattered
optimized at each volume while the cell parameters were . \..qq range of 95-189 GPa. Uncertainties are also
kept fixed at the experimental equilibrium values, except fo '

he simpl | ¢ hich al : rpresent in the measured bulk moduyliable IIl) of the te-
the simplest tetragonal structure for which also ¢i@ ratio 55004l and cubic phases, which are obtained at low tem-
was optimized. This restriction is a minor approximation: in

e ! perature from yttria-stabilized phases and extrapolated to the
the monoclinic phase, for instance, the measuséal and zero impurity concentration limit. The theoretical internal

¢/a ratio change by less than 1% and @i@ngle by 2.5° i g,ctyral parameters of the monoclinic and brookite phases
the range of densities considered in our calculated equatiogye compared with the experimental data in Table IV. The
only internal structural parameter of the tetragonal phase is

the parameter of the oxygen position d (0,3,2).5% We
follow the literature conventidf of reporting the parameter
d,=0.25-z. The calculated/a ratio and internal parameter
d, of the tetragonal phase as a function of volume are re-
ported in Fig. 2. At the experimental equilibrium volume

-717.95 LA I L NI B NI B B L B BN B
-718

-718.05 TABLE Il. Energies(eV/atom at the minimum of the different

phases with respect to the ground-state energy of the monoclinic
phase. The experimental data for tetragonal corresponds to the en-
] thalpy difference at the phase-transition temperature. The experi-
. mental data for cubic is obtained from the sum of the enthalpy
differences at the monoclinic-tetragonal and tetragonal-cubic phase
boundaries.

E (eV/Atom)

-718.1

-718.15

Pl PPN AP BRI S B Tetrag. Cubic Orthol
10 10.5 11 1.5 12 12.5
V/Atom (§3) 0.021 0.037 0.013 This work
—0.005 —0.002 HF Ref. 32
FIG. 1. Computed energy versus volume data fitted by a Mur-0.048 0.015 —0.033 DFT Ref. 71
naghan equation of state for monoclinim), tetragonal(t), cubic 0.021 0.040 Expt. Refs. 80,81
(c), and orthorhombic brookitéorthol) phases.

o
n
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~ TABLE Ill. Structural parameters of monoclinic, tetragonal, cu- cations are believed to substitute fo*Zrions in the cation
bic, and orthorhombic b_rooklt(sorthol) phases of zirconia. Our re- sublattice thereby creating, for charge compensation, one
sults are compared with experimental data and with prewou%xygen vacancy every two trivalenY. A simple rational-
Hartree-Fock(HF) and density-functional-baseFT) ab initio N e .
calculations. The structural parameters of the orthol phase corre'galtIon of the stabilization process relies on the fact that th_e
sponds to the volume at which the monoclinie orthol phase ~cOvalent nature of the Zr-O bond favors a seventold coordi-
transition takes place. nation of zirconium as in the monoclinic phase. The presence

of oxygen vacancies in YSZ reduces the average zirconium

Phase v/ Atom By B, coordination number from eight in the perfect fluorite to a
A3 GPa value closer to seven. However, several factors may influ-
ence the stabilization process, such as defect-defect interac-
Cubic tions in the solid solutiori’ Despite extensive experimental
This work 10.91 268 3.6 and theoretical work, so far no detailed quantitative descrip-
Expt. 10.99  194-220° tion of the stabilization mechanism has been provided for. A
Theor. HF® 11.41 first step towards the comprehension of the stabilization
Theor. DFT® 11.34 267 mechanism is the knowledge of the local environment of the
Theor. FLAPWE  10.76 221 dopant cations and vacancies in the solid solution. Since yt-
trium and vacancy can be seen as point defects with charge
Tetragonal —1 and +2, respectively, Coulomb energy considerations
This work 11.13 197 5,0  suggest that yttrium is most likely nearest-neightiéN) to
Expt. 11.02 190" the vacancy. On the other hand, the aforementioned stabili-
Theor. HE® 11.45 zation mechanism would maximize the number of seven-fold
Theor. DET® 11.83 200 zirconium, leaving zirconium nearest neighbors to vacancies

and yttrium next-nearest neighb@NN). Secondly, yttrium
being an oversized cation would prefer an eightfold oxygen
coordination. Experimental data disagree on the relaxation

Theor. FLAPW®  10.81

Monoclinic . pattern around the defects, on the relative location of the
This work 11.68 185 18 dopant cations and vacancies and on the extent of vacancy-
Expt. . 1174 95-18%  4-5 vacancy aggregation. Several extended x-ray absorption fine
Theor. HF ] 12.28 structure  (EXAFS),'®  internal  friction!®  and
Theor. DFT 11.88 157 neutron-diffraction® studies concluded that yttrium is NN to
the vacancy, while other EXAF&efs. 17 and 1Bdata sug-
Orthol gested that yttrium is NNN to the vacancy. Calculations with
This work 11.20 224 9.3 empirical potentials agreed with the latter motfeConcern-
Expt.' 11.23 181-281 4.2-5 ing the deviation from the average cubic symmetry in the

Ref 22 ot — solid solution, several authors concluded from x-ray and
ererence s ?Xtrapo ?t'gn to zero temperature using thermalse, ;iron._giffraction measuremefitd? that each oxygen site
b;xp;ansmn 2? 1rog12Re 'd ;‘3 in YSZ can be replaced by four equivalent sites displaced

CReferencessz » b 84 an ' along the (111) directions. Contrary to this view other
dReference 1 authord?'*proposed a model where the oxygen atoms NN to
eReference 45' vacancies relax along thel00) directions towards the va-
fReference 8a. cancy. Steele and Fend@rand Argyriou et al!* took this

gRe ference 9. latter view from neutron-diffraction measurements, but al-
hReference 6'5 85. and 86 lowed for a minority of oxygen atoms displaced along the
iReference 6é ’dagg ' (111) directions. Moreover from neutron and x ray diffuse

elerences 5o an ' scattering several authors concluded that the oxygen vacan-

c/a=1.435 andd,=0.042, which have to be compared with Cies are not randomly distributed on the anionic sublattice of
the experimental valuega=1.426 andd,=0.0574 obtained cubic zirconia but they are strongly correlatesge Ref. 19
from extrapolation at zero temperature of the high-and references therginHowever no consensus on a single
temperature measurements using thermal expansiorftdatamodel of vacancy correlation has emerged so far. For in-
At the theoretical equilibrium volume/a=1.438 andd, stance, models with vacancies preferably linked B{fa22
=0.044. anng(lll),ZO or with vacancies preferentially separated by
The calculated structural parameters are overall in excela along (100 or by 13"%a/2 along(310'° (a is the lattice
lent agreement with experimental data and similar to the reconstant of cubic zirconja have been proposed. As dis-
sults of previous Hartree-Fotk®” and DFT (Refs. 45 and  cussed in Sec. IV B, we addressed these issues by optimizing
71) ab initio calculations. As opposed to previous theoreticalihe structure of several YSZ configurations with 14% mol
works our results also reproduce the correct relative energieﬁtria content, well inside the region of stability of the cubic
of the different phases. phase. Firstly, we present in the next section the preliminary
V. YTTRIA-STABILIZED CUBIC ZIRCONIA calculations on the properties of d(_)pant cation and vacancy
at very low concentration limit which would represent the
The fluorite phase of ZrQcan be stabilized at ambient behavior of noninteracting defects. These calculations pro-
conditions by doping with oxides like )D;. The dopant vide information on the local distortion around the defects
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TABLE IV. Theoretical and experimental internal structural parameters in the Wyckoff not&&fmn87
for monoclinic and orthol phases of zirconia. The theoretical data correspond to the experimental equilibrium

volume.
Wyckoff coordinates
This work Expt.
Baddeleyite
a=5.1505% Zr(0.2769,0.0430,0.2100 (0.2754,0.0395,0.2083
b/a=1.1012 ((0.0640,0.3237,0.3524 (0.0700,0.3317,0.3447
cla=1.0234 ©,(0.4497,0.7560,0.4790 (0.4496,0.7569,0.4792
B=99.23°
Orthol
a=10.0861° Zr(0.8848,0.0357,0.2531 (0.8843,0.0332,0.2558
b/a=0.5217 (0.7895,0.3740,0.1268 (0.7911,0.3713,0.1310
c/a=0.0505 ©(0.9779,0.7393,0.4989 (0.9779,0.7477,0.4948

®Reference 9.
bReference 88.

and a first estimate of the energy of vacancy-dopant aggre- The displacement pattern around an isolated oxygen va-
gation. Moreover the comparison of the local distortioncancy(in the 95 atom supercelis reported in Fig. 3. The
around the isolated defects with respect to the displacemenixygen atoms NN to the vacancy move toward€ie4 A)
pattern in the solid solution at higher dopant content willwhile the nearest zirconium atoms move outwards along the
allow us to estimate the extent of defect-defect interaction.(111) directions(0.18 A), as expected due to repulsion from
the +2 charged vacancy. The oxygen atoms nearest to the
zirconium, but not NN to the vacancy, follow the displace-
A. Isolated defects ment of the cation and move outwards aldid 1) (0.04 A).

We relaxed a cubic supercell containing 96 atoms initiallyThe oxygen atoms in the outermost right corner in Fig. 3
in the fluorite structure and either a substitutional yttrium, amove inwards(0.04 A) along(111) not being dragged by
vacancy (3~ ion missing or a vacancy-yttrium complex any cation.
with yttrium NN or NNN to the vacancy. At this low dopant ~ The displacement patterns of the complexes yttrium-
concentration(3.2% mol yttrig the cubic phase is unstable vacancy with yttrium NNN or NN to the vacancy are re-
even locally. Therefore we fixed the positions of the atomgported in Figs. 4 and 5, respectively. In the configuration
whose distance from a vacancy and an yttrium ion is largewith yttrium NNN, the displacement pattern around the va-
than y3a/2 and /4, respectively. cancy is only slightly modified by the presence of the dopant

The eight oxygen atoms NN to the isolated yttrium re-with respect to the isolated vacancy configuration in Fig. 3.
laxed outwards along thgl11) directions by 0.09 A, as re- The main perturbation is an enhancement of the displace-
quired by the longer Y-O bon¢2.25-2.34 A in %03) with )
respect to the Zr-O bond1.89 A). The zirconium atoms 0044 0.04 A

nearest to yttrium relax towards the dopant by 0.08 A. b

0.06 [ 018
; T

0.05 [ 1.46
B ¥,/
- \

0.04 [
r 0244

dz - 144 ¢/a

0.03 [

0.02 - 4142
AT T I I

0’0110 105 11 115 12 FIG. 3. Displacement pattern of atoms around an isolated va-

volume/atom (1% cancy in a 95 atom supercell. The vacancy is depicted as a small

cube. Oxygen atoms occupy the sites at the corners of the cubes.

FIG. 2. Calculated lattice parameters ratibta and internal  Metal cations occupy half of the sites at the center of the cubes. The

structural parameted, of the tetragonal phase as a function of six oxygen atoms nearest neighbors to the vacancy move along
volume. (100 while the zirconium atoms move outward alo¢iyL1).
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0214 defect and its periodic images in the supercell calculations
+ must be subtracted from the total energy. In the supercell
calculations the system is neutralized by a uniform back-
ground as usual. The long-range defect-image interaction of
isolated yttrium and vacancy is modeleds

0.20

0.11 . ' 0.28

; 1
/(031 L E§:—§aq4%L, (1)
018 /Zr

. 0.23 wherea=2.6373 is the Madelung constant for a simple cu-
¥ ' . 0.04 bic lattice,L is the lattice constant of the cubic supercell, and
‘ g is the charge of the defe¢t-1 for yttrium and+2 for the
o1 vacancy. €,=29.3 is the estimated dielectric constant of
' 0.03 YSZz.3 The obvious generalization of the previous formula
for the defect-image Coulomb interaction is used for the
0.05 0.10 yttrium-vacancy complexe€y,;,q is —0.44 eV and—0.10

eV for yttrium in the sites NNN and NN to the vacancy,

FIG. 4. Displacement pattern of atoms around an yttrium'respectively.

vacancy complex with the yttrium next-nearest neighbor to the va- The pehavior of isolated defects here described allow us
cancy in a 95 atom supercell. to draw a preliminary comparison with the different struc-

tural models of YSZ proposed in the literature. First, the site
ment along(100) of one oxygen aton{0.31 A)_due tothe  NNN to vacancy is favored for yitrium by 0.34 eV with
superposition of vacancy attraction and yttrium repulsionegpect to the NN site. Secondly, in agreement with the most
Conversely the presence of yttrium NN to the vacancy inecent neutron-diffraction datithe main distortion from cu-
duces large changes in the displacement pattern with respggi. symmetry is due to the displacement of the oxygen atoms
to the simple superposition of the isolated yttrium and iso\N to the vacancy. They move alofd.00) directions to-
lated vacancy displacement patterns. In particular the diSjards the vacancy by-0.2-0.3 A (exp. 0.17-0.23 A, de-
placement of the two oxygen atoms NN to both the vacantyanding on the yttrium conteti. In addition a large out-
and yttrium is drastically reduced, due to the opposite effect§,\,<,irds displacemer(©.18 A) along(111) is found for cations
of vacancy attraction and yttrium repulsion. Moreover theyn to the vacancy. Cation displacement alofill) has
yttrium atom moves outward with respect to the vacancy byyaen proposed by Steele and Fefdidrased on neutron-
nearly the same amou(ﬂ)_.lz A as zirconium does. diffraction data and by Liet al!® from EXAFS. However,

We estimated the yttrium-vacancy binding energy in théyese authors assumed a cation displacement towards the va-
NN and NNN configuration as cancy which is opposite to what we found for both zirconium
EY+vac_ pvac_ Y _ EZ0, and yttrium. In particular yttrium may be expected to move
' towards the vacancy, being-al defect attracted by &2

whereE" V2 is the total energy of the supercell containing charged vacancy. Apparently this naive model of dopant-
the yttrium-vacancy complexs¥® andEY are the total en- Vacancy interaction is not adequate, as implied also by the
ergies of the supercells with isolated yttrium and vacancyfact that yttrium prefers the site NNN fo the vacancy.
respectively, an€Z2 is the energy per formula unit of the ~ These main qualitative features of the local structure and
96 atom supercell of ideal cubic zirconia. Since the defect§nergetics of defects in YSZ obtained here from the isolated

are charged, the long-range cubic interaction between th@efect calculations are confirmed by the more realistic calcu-
lations on the solid solutions at higher dopant concentration

reported in the next section.

0.08 - §/0.23

Eping=

*0.27 A

B. Solid solution
O.(?S 0.12

0.06 At normal conditions the fluorite solid solution is stable
. . for yttria content in the range 8—40 % mAt lower yttria
0.10 —4011 X content the system is inhomogeneous and for yttria content
Py 23144 higher than 40% mol the system crystallizes in th&¥40;,
0.124 ordered compounfiBesides experimental limitations, uncer-
0.06 %7 tainties are present in the precise location of the phase
- 0.09 boundaries also because it is not fully established that the
yttria-stabilized phases studied at normal conditions are ther-
0.12 006 modynamically stable and not simply metastable structures
‘ whose properties depend on the preparation conditions. Mix-
tures of cubic solid solution and segregated microdomains of
005 TA} < Y 4Zr;0,, have also been proposed for yttria content between
' 15 and 40 % mol.
FIG. 5. The same as Fig. 4 for the yttrium nearest neighbor to We studied the properties of YSZ at 14.3% mol yttria,
the vacancy. well inside the stability field of the cubic phase, by optimiz-

0.09
z
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TABLE V. Configuration of defects in the different samples studidd ™ is the number of vacancy-vacancy pairs with a given
vacancy-vacancy distance. The distances are given as integers which correspond to the order of shells of neighbors in the appropriate
sublattice. For instance the distance 4 for the vacancy-vacancy is the fourth shell of neighbors of the oxygen in the oxygen atom sublattice
which correspond to the site reached by the vet2d)a/2. a is the lattice constant of cubic zirconia. Analogoully™ 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 by all the
other defects in the crystal including the periodic images. Due to periodic boundary conditions the number of pairs is much larger than that
obtained from the pair of defects both inside the supercell. The samples are classified in three sets(#eeRe&k The total energies of
the relaxed structures are compared with the Coulomb energies of the unrelaxed structures obtained by assigninrglcteaygieisim and
+2 to vacancies.

Conf. NE-H N=-Y NY-Y
0J-0 distance 0-Y distance Y-Y distance Elolaxed Edea b
4 5 6 7 8 1 2 3 4 1 2 3 4 eVIAtom eV/Atom
A0 4 1 16 13 3 7 6 16 2 —711.959 —42.121
Al 4 1 2 16 10 4 9 14 5 —711.963 —42.160
A2 4 1 1 16 11 4 7 4 16 3 —711.961 —42.149
A3 4 1 2 16 10 4 8 4 12 5 —711.960 —42.153
A4 4 1 2 16 10 4 10 14 4 —711.960 —42.160
Bl 4 1 3 15 10 4 9 4 14 2  —711.956 —42.136
B2 4 1 1 15 13 3 8 6 12 4  —711.955 —42.125
B3 4 1 1 14 13 4 8 8 12 4  —711.953 —42.123
B4 4 1 4 14 10 4 8 6 16 1 —711.950 —42.141
B5 4 1 6 12 9 5 10 6 13 2 —711.940 —42.136
B6 4 1 8 10 10 4 12 6 10 2 —711.933 —42.159
C1 2 1 1 20 7 5 9 14 5 —711.957 —42.205
Cc2 2 22 4 6 8 2 12 7 —711.955 —42.225
C3 1 2 1 1 16 14 2 6 8 17 1 —711.944 —42.201
C4 2 2 16 16 8 8 8 4  —711.934 —42.276
C5 2 2 8 8 8 8 8 8 8 4  —711.900 —42.202

ing the structure of 16 different supercell samples. Sinceatomic relaxation plays a crucial role. Secondly, by fixing the
YSZ is a disordered system, ideally one would like to detervacancy configuration the total energy decreases by increas-
mine the defect distribution by making use of statistical saming the number of yttrium atoms NNN to vacancies. In the
pling methods such as Monte Carlo. However this wouldconfigurations C3—C5 there are chains of vacancies aligned
require very large system sizes, prohibitively expensive in ajlong (100 at a distance of. They are separated by an
using as much as possible the information on defect interasyygen does not move and these configurations are energeti-
tions obtained in the previous section. We started from a 9@y unfavorable. This result is in contrast with the model
atom supercell of cubic zirconia and added four vacanciegeqced from x-ray diffuse scatterfiigvhich assumes that
a_md eight s_ubstltutlonal yttrium atoms in different conflgura—qtge vacancies are preferentially joined by the ve¢id@i0)a.
tlon_s, keeping the vacancies not too close. to each other a owever, we must say that our vacancies aligned along
yttrium atoms NNN or NN to the vacancies. The relative 100 are not a simpl ir but infinite chain. due to th
positions of vacancies and dopant cations in the differené o pi€ pair but an infinite chain, due 1o the
samples are reported in Table V. The total energies of th nite size of our_cell and the periodic boundary c_ondmons_.
relaxed supercells are compared in Table V with the Cou- N Order to estimate the defect-defect aggregation energies
lomb energies of the unrelaxed structures computed by adn the solid solution we fitted thg total energies as a sum of
signing charges to the defects orfly¥2 to vacancy and-1 long-range screened Coulomb interaction between .the de-
to yttrium).”* The samples in Table V of the sets labeled Afects plus the sum of two-body short-range potentials for
and B have the same distribution of the vacancies, but difvacancy-vacancy, yttrium-vacancy, and yttrium-yttrium in-
ferent yttrium configurations. The samples A also have thderactions. The total energy is written d&8,=E,+E.
same number of yttrium in sites NNN to the vacancies andt 1/2Z; ;E¢(ri;). E, is a constant. The defect-defect inter-
differ amongst themselves because an yttrium can be at thactionsEg, are short-range and defined for the distanges
same time NN to a vacancy and NNN to another, due to higlbetween the defects in the ideal cubic sites. Above a given
dopant content and small cell size. shell of neighbors the short-range interactions are set to zero.
From the total energies of the different configurations inThe long-range Coulomb interactidfy, is between+2 (va-
Table V we can infer defect-defect interaction energies. Theancie$ and —1 (yttrium) charges screened by the estimated
first conclusions we can immediately draw is that there is nalielectric constant of YSZ[e,=29.3 (Ref. 39]. This
clear relation between the ideal Coulomb energies and thecreened Coulomb potential also correctly describes the
real total energies of the relaxed structures, indicating thadlefect-image interactioff.In Table VI the short-range inter-
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TABLE VI. Short-range interaction energiésV) between de- TABLE VII. Displacements of oxygen atom@) with respect
fects fitted on the total energies of the 16 samples stu@iee text to ideal cubic positions in the lowest energy samples of sets A and
The distances between the defects are expressed as in Table B.(see Table V. Minimum, maximum, and average displacement
O-Y + Coulomb in the last line is the sum of short-range andare given separately for oxygen atoms NN and not NNN to vacan-
screened Coulomb potential interactions between vacancy and yties. The average displacement over all oxygen atoms is given in

trium. the last column.

Eg (eV) Distance O not NN to vac ~ O NN to vac Total
) ) 3 . Conf dg" dg* (dg) dg" dg¥ (dg) (do)

0o-y 0.160 —0.299 -0.123 A0 006 022 013 025 057 034 0.20
Y-Y 0.123 0.208 0.025 Al 005 030 015 0.07 083 0.34 0.20
0O-0d -0.730 -0.976 —-0.560 —0.119 A2 0.04 0.29 0.14 009 071 0.34 0.20
0-Y + Coulomb —-0.287 —-0.532 -0.300 -—0.149 A3 0.03 0.34 0.14 008 084 0.34 0.20
A4 0.05 0.31 0.14 009 080 0.33 0.20
_ _ _ o Bl 005 033 015 0.18 070 0.33 0.20
action energies obtained from the fitting procedure are giverg, 004 026 014 008 079 034 020
The total vacancy-yttrium interaction energyEc(r) B3 005 028 014 018 0.69 034 020
—2le,r, as a function of yttrium-vacancy distance is giveng, 005 029 015 007 080 032 020
in the last line of Table VI. The yttrium-vacancy interaction gg 003 026 015 007 065 029 020

potential has a minimum for yttrium NNN to the vacancy. g
The yttrium-vacancy aggregation energy-i6.29 and—0.53
eV for yttrium NN and NNN, respectively. The difference

between the aggregation energies in the NN and NNN con¢111) by ~0.25 A. However, some of the zirconium cations
figurations(0.24 eV} is smaller but close to the value ob- NN to the vacancies move still outwards but mainly along
tained from the isolated defects calculations in the previou$110) by ~0.25 A. This happens when the zirconium is both
section(0.34 eV). Similar values for vacancy-yttrium aggre- NN to a vacancy and to an oxygen atom which is in turn NN
gation energy for yttrium NN—0.4 eV;"® —0.28(Ref. 43]  to another vacancy in positiof@10a/2 with respect to the
and NNN (—0.39 eV* to the vacancy have been obtained first one. The zirconium is then repelled alofigL1) by the

also from empirical shell-model calculations. The procedursirst vacancy, but attracted alo@01) by the NN oxygen
of fitting the total energies as the sum of two-body potentials

assumes that the interactions between the defects are additive TABLE VIIl. The same as in Table VII for metal cations.
which is in fact only a crude approximation since, as shown
below, the displacement pattern in the solid solutions can Not NN to vac. NN to vac. Total
show large deviation from the simple superposition of theConf. ~ dJ™ dI™ (dy) d¥" dI™ (dy) (dy)
displacement patterns of isolated defects. Nevertheless the

0.11 034 0.18 006 082 0.25 0.21

parameters in Table VI provide a useful order of magnitude°‘0 007 011 009 0.09
estimate of the defect-defect interaction energies. In particue‘1 0.06 012 009 023 026 024 013
lar the calculated yttrium-vacancy binding energy is in theA2 005 013 009 023 023 023 011
range of values estimated from statistical models of vacanc{3 005 014 009 019 023 021 012
unbinding and migration, fitted on ionic conductivity data asA4 004 013 009 021 026 024 012
a function of temperature and dopant concentraffon. B1 003 o017 011 016 019 018 0.2
Regarding the structure of YSZ, the main local displace-B2 0.07 013 009 019 019 019 o011
ment pattern around the vacancy found in the isolated defe@&3 0.10 018 013 017 022 020 0.17
is preserved in the solid solution. In Tables VII and VIII the B4 0.02 013 009 018 022 020 0.5
displacements of oxygen and metal cations are reported f@s 0.10 010 010 0.17 022 020 0.17
the lowest energy samples of the sets A and B. For all th@s 0.16 0.25 021 0.21

samples the largest displacement is for the oxygen atoms NN
to the vacancies which move mainly alof@p0). Inorderto  conf.  d"  dT (d,) dI"  dT™ (dy) (dg)
discuss in detail the structure of YSZ, we choose the sample

A0 where no yttrium is NN to vacancies. Here all the oxygenAO 003 014 007 021 029 025 019
atoms NN to vacancies (53% of the total number oh@ve Al 004 021 009 021 029 024 018
along (100 with displacement amplitude from 0.25 to 0.57 A2 003 016 008 021 029 024 018
A (average 0.34 A, see Table V|but for deviation in other A3 002 021 007 021 029 024 017
directions smaller than 10%. The displacements of the oxyA4 002 018 009 021 029 024 0.18
gen atoms not NN to the vacancies are of different typesBi 0.03 0.17 0.09 020 033 026 0.18
25% of these O move less than 0.08 A, another 25% move2 0.03 018 008 020 029 025 0.19
along (111) by ~0.15 A, another 25% move still along B3 001 010 007 020 030 025 0.14
(100 by ~0.15 A and the rest move in different directions B4 0.03 017 008 019 030 025 0.17
even as much as 0.2 A. As in the isolated yttrium-vacancyss 001 010 007 020 030 025 0.14
complex studied in the previous section, most of the zircosg 0.04 011 007 021 032 0.25 0.13

nium cations NN to the vacancies move outwards along
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FIG. 6. Distribution of the oxygen atoms disp|acements with FIG. 7. Neutron-diffraction pattern Computed from the molecu-
respect to ideal cubic positions in the YSZ sample &@e text  lar dynamics run of YSZ (Zr@14.6 % Y,03) at 315 K. The dots
obtained from(a) full ab initio geometry optimization antb) from  are the experimental scattering intensites of a sample
linear superposition of the displacement patterns found for the isoZrO,-13% Y,0; from Ref. 13. The theoretical diffraction pattern is
lated defects. computed by using the scattering lengths and neutron wavelength
reported in Ref. 13. The theoretical structure factor is multiplied by
the factor 1/siR(#)cos(9) to compare with experimental intensities.

which moves towards the second vacancy which results in he largest peak is normalized to the experimental intensity.

final displacement alon¢110). For the other samples where

some yttrium atoms are NN to the vacancies, we fo{awdin . . L . .
the isolated defect calculationthat the oxygen NN to va- tor we computed the diffraction scattering intensity with the

cancies but not to yttrium have enhanced displacemen%ame nuclear scattering lengths and neutron wavelength used

mainly along(100) [here with deviation from(100) of up experimentally®> The diffraction patterns of the other

20%]. Conversely the oxygen atoms NN to both yttrium andsamples of the set A are of similar quality. Thls shows that
. ; o gur samples do preserve on average a cubic arrangement as
vacancies do not move appreciably. This is the reason for the

small minimum and larae maximum displacements of ox _experimentally observed and gives us confidence on the re-
gen atoms NN to vacagcies in Table VI[I) for samples O,[r]3érliability of the defects distribution chosen as a model of the
than AO. A visual inspection of Fig. 6 reveals the extent ofSOIId solution.

defect-defect interactions in determining the relaxation pat- utzré)meﬁﬁe?n?ﬁcmuleagﬁgniggzitsrafggteonqgﬁtngetﬁésgi;grrg;]t
tern of the solid solution. The figure reports the distribution® q P

. 2 . . _
of atomic displacement amplitudes in the relaxed sample A ’_p8e C'E&é‘; thing fatzs) rs'sl%t:c;ﬁ:ec di?fZ?gri \évﬂggsfgféofom_
compared with what is expected from the linear superposi- ™ : P

tions of the isolated defects displacement patterns. Althougﬁiﬁg mg\?v?éi Ir); r\:\lléh;?sa?égg??%?:Z:jdei[aéﬁmu;L?;;fltsp\arf
the deviations from the linear superposition are usually larg 9 p P y-

for the samples studied, the main pattern we identified fromother structural function, in principle, attainable from scatter-
the isolated defects is still valuable and can discriminate be"'J data is the pair-correlation function. The calculated pair-

tween the different models obtained experimentally fromcr?érenl]iﬁﬁcnugrgt'?]g;iz;t?fnd;:e;gtlfﬁg'erz O(;)rttilcri]eig :‘:rlon;
scattering data. We can summarize our results as foIIow% y P gs.

The largest displacements occur for oxygen atoms NN to thg_l(lr') Tshztﬁ;Stgr%ea?:r cgistg ic\;—aitﬁ)]aggggstl;;or(]r;‘unacstlon
vacancies which move mainly along00. Although the expected due to the longer Y-O bond. A clear signature of

average Q|splacement amp]ltude(o.3 A is clqse to' that the distortion from ideal cubic structure is mostly evident in

obtained in some models fitted on neutron-diffraction dataox en-oxygengoo(r) (Fig. 8 and metal-metalgyy(r)

[0.25-0.36 A along100) (Refs. 13, 12, and 34 individual (Fiyg 10 ;’i?_cofr%?aﬂon fu%'ctions Both the (o M“é(b)]

displacements can be as large as 0.6—0@¢ke Table VI). 9: P ' 9:

Besides oxygen NN to vacancies, other oxygen atoms can b ller § d§

occasionally move as much as 0.2 A in different directions, TABlLE 'IX' g)e ye-Waller ?C;TSBK(SEG dt?« Cot?pme rom al

Only the metal cations NN to the vacancies move apprecia- € molecular dynamics run a N and trom the expenmenta
data of Refs. 13,12,14.®®and Zf" refer to quantities computed

bly (~0.2 A) outwards but not always alongl1l). The )

. . : only for atoms NN to vacancies.

complexity of the pattern of these latter minor displacements

is probably the reason behind the diversity of the models B(A 2)

deduced by several groups analyzing scattering data.

- ! Atom Expt. This work
In order to compare our structure with experimental data
we computed the structure factor of sample @fcluding O™ 1.45
thermal effects from a Car-Parrinello molecular-dynamics O 0.63-1.2 1.26
run at 315 K(1.3 ps long. Our results are compared in Fig. zfn 0.83
7 with the experimental neutron-diffraction pattern on pow-zyy 0.62—1.43 0.95

ders reported by Steele and Fentfdfrom the structure fac-
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FIG. 10. Yttrium-oxygen pair-correlation function.

2

3
r (A) similar. In YSZ the true band gap between extended states
in valence and conduction bands is estimated around

FIG. 8. Oxygen-oxygen pair-correlation function computed5.2_5.8 eV from absorption and photoluminescence

from the molecular dynamics run of YSZ at 315 K, 1.3 ps long for §2_24 H . b - il d
(a) the oxygen atoms nearest neighbors to the vacanciesbaad spectroscopy. owever, a consistent absorption tail de-

the oxygen atoms in the sample. Arrows indicate the peaks positio¥e|0p$ already afo“r_“?' 4 VThis apparent absorption gdge
in the ideal cubic structure. is attributed to transitions from the valence band to still un-

assigned localized states in the gap, either due to extrinsic
and partial[Fig. 8@] goo(r), computed for the oxygen at- defe(;ts gsr induced by the disorder in the yttria—zjrconia solid
oms only NN to the vacancies, show an additional peak af°/ution:” The presence of oxygen vacancies in YSZ sug-
~3.1 A not present in the ideal fluorite structure. This peakd€Sted the possibility of the formation of color centéteu-

is due to a pair of oxygen atoms which are both NN to theP’y charged vacancy with no trapped electrons, singly

same vacancy. By relaxing towards the vacancy their Sepé:_harged F with one trapped electron and neutral F with two

ration decreases from the ideal 3.54 A to 3.1 A thus prorapped eles%tggrjsas seen 3? other metal oxides such as
ducing the additional peak in Fig. 8. In the metal-metal pair-M90, €a0;>”" and SnQ.** Color centerfﬁﬁ%g(éjlfferent
correlation function(Fig. 11) the additional peak at3.9 A ~ charge states were proposed by several a based

is due to the displacement of zirconium atoms NN to the®" DFT calculations on clusters or.superc'ell geometries.
vacancies However, these latter calculations did not include consis-

tently atomic relaxations whose amplitude in YSZ is so large
around the vacancy that a quantitative result could hardly be
drawn from electronic structure calculations which neglect
them. Experimentally, deep electronic traps in the gap are
The measured optical band gap of the monoclinic andletected in optical absorption and EPR measurements when
tetragonal phases of pure zirconia is around 5. 27%pFT additional electrons are added either by electron-hole genera-
calculations of the electronic structure of pure zirc8hfd  tion in UV or x-ray-irradiated sampléSor by reducing YSZ
suggest that the electronic gap of the cubic phase should ki@ low oxygen partial pressure atmosph&té’ A broad ab-
sorption band centered at 365 nfyellow colon appears

V. ELECTRONIC PROPERTIES OF YTTRIA-STABILIZED
CUBIC ZIRCONIA

15 upon irradiatioR® or reductior?®3° At higher electron con-
- tent in heavily reduced samples, another broadband at 480
- 4 ! nm (dark brown coloy is observed in absorptic:?1*°The
10 _— 8 :_ v
3 | -
g | 6L
ol —_ »
i z |
5 -— 5 4 -
[ 2
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FIG. 9. Zirconium-oxygen pair-correlation function computed. FIG. 11. Metal-metal pair-correlation function.
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level with respect to the VBM are reported in Table X for the
different configurations of the vacancy. The energy gain due
Ys7 to atomic relaxation is also shown. The unrelaxed vacancy
E, with charge+2 (no trapped electrongloes show the empty
color center state in the gdfig. 13a)] predicted by previ-
ous theoretical work®*>However, the relaxation of the oxy-
gen atoms NN to the vacancy shifts the color center level
inside the conduction band and the empty electronic state in
Zr0, the gap disappears. If we add an electron to the unrelaxed
vacancy a F state is present in the gdfig. 13b)]. The
, Madelung field produced by the relaxed oxygen atoms shifts
\ the color center state to higher energy but still below the
e CBM in this latter cas¢Fig. 13b)]. Due to the presence of
8 10 the trapped electron in the*Fcenter the oxygen atoms NN
to the vacancy relax alond 00 toward the vacancy by only
FIG. 12. Electronic density of stat®O9) of pure zirconia and  0.13 A, compared with the displacement amplitude of 0.23 A
YSZ (sampleAO, see Sec. IV B computed from the Kohn-Sham for the +2 charge staté¢see Sec. IV A However, the total
orbitals at thel' point of the 96 atom supercells. DOS are broad- energy of the relaxed vacancy with one electron trapped in
ened by a Gaussian with 0.1 eV variangeg.is the Fermi level. The the F" center is only marginally lowef26 me\) than the
oxygen 2, zirconium and yttrium 4 and 4p states are below-10 energy of the fully relaxed vacandig. 3 with the addi-
ev. tional electron injected in the conduction band. Therefore the
ability of the vacancy to trap an electron in thé Btate is
yellow color center appears together with a paramagnetigharginal. Conversely, by adding two electrons to the va-
EPR signaf®3%2while the dark brown center is not EPR cancy a neutral F center is clearly found both in the unre-
active. Although the 365 nm line was initially attributed to laxed and relaxefFig. 13c)] configurations. With two elec-
the F" center’! later analysis of the symmetry of the asso-trons trapped in the vacancy the oxygen atoms relax along
ciated EPR signal argued in favor of a sixfold®Zrsite?®>?® (100 by only 0.07 A. The total energy of the neutral F
or to a seven-fold coordinated®Ti impurity.2® On the other ~ center is such that two isolated Eenters are unstable with
hand the 480 nm line has been attributed to a seven-folespect to decay into a doubly occupied F center and an
coordinated Z* ion?® Other authord® based on the ab- empty vacancy. The energy galih of this latter process is
sence of EPR activity, assigned instead the latter line to gomputed ad) =E,+E,—2E;, whereEy, E,;, andE, are
neutral F center and assumed that two single charged Fthe total energies of the relaxed F, Fand the doubly-
centers apparently not seen in EPR would eventually decagharged-vacancy centers, respectively. We subtracted from
into the neutral, EPR inactive F center. However, a compelthe supercell total energy the Coulomb energy due to the
ling experimental evidence of a color center in any chargdnteraction of the charged defects with their periodic images.
state is still lacking. The defect-image Coulomb energy is estimated by the for-
Here we address this issue by computing the electronienula(1) whereqis +2 for the +2 charged vacancy andl
structure of the samples described in the previous sectionfor the F* state, anda, €,, andL are as befordsee Sec.
In Fig. 12 the electronic density of stat¢é®OS) of pure IVB). The resulting negative “Hubbard-U” of the color
cubic zirconia and of the YSZ sampl(é&0) are compared. center isU=—0.56 eV. Our results support the assumption
Since we used only thE point of the 96 atoms supercell, the made in Ref. 30 that the ‘Fcenter is unstable and even
DOS of the pure system appears as a series of peaks. In YSZproduce the numerical value bfused ther& to model the
the doping and disorder broaden the peaks, but change tlilefect concentration as a function of oxygen partial pressure
band gap only slightly from 3.3 eV in pure zirconia to 3.6 eV in the reduced samples. In other metal oxifldgO,° SnO,
in YSZ (cf. Fig. 12. Previous DFT-LDA band-structure (Ref. 38] where the F center exists for several charge states,
calculationd®#645%8found a direct band gap in cubic zirco- the pure phase is stable and the oxygen atoms NN to a va-
nia in the range 3.3—4.1 eV, in agreement with our result. Asancy relax only slightly. Conversely the ideal cubic phase is
apparent in Fig. 12 no electronic traps are present in the gapnstable in pure zirconia at normal conditions. The cubic
of YSZ. Although oxygen vacancies are present in thephase is stabilized only by the presence of vacancies and
sample, the large inward relaxation of oxygen atoms NN tametal impurities in YSZ where the atoms NN to the vacan-
the vacancies generates a Madelung field which prevents thaes have large relaxation and partially close the void of the
formation of a deep state in the gap associated with an elesacancy, hindering the electron trapping. The oxygen atoms
tron trapped in the vacandgolor cente). In order to further  should move back closer to the ideal cubic positions to allow
support this interpretation we computed the DOS for the isothe localization of an electron in the vacancy. The energy
lated vacancy configuration described in Sec. IV A. In Fig.gain due to electron trapping from the conduction band is
13 the DOS of the isolated vacancy in relaxed and unrelaxedpposed to an energy cost due to the outwards displacement
configurations in different charge states is reported. Wef oxygen atoms. In the neutral F center the energy gain due
adopted the local-spin density approximati®sD) for the  to electron trapping is twice the trapping energy of a single
configurations containing an unpaired spin. The value of thelectron in the F (apart from on-site Coulomb repulsion
band gap, the conduction band minim@@BM), the valence while the additional lattice energy cost is only slightly larger.
band maximum(VBM), and the position of the color center This energy balance makes & negative Hubbartl center.

DOS (arbitrary units)

4 6
energy (eV)
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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 relaxed and

unrelaxed configurations are reportéd.charge+2 (no trapped electrons(b) charge+1 (one trapped electron(c) charge Qtwo trapped
electron$. The arrows show the position of the levels induced by the presence of the vdcatarycenters

Since in YSZ the vacancies have a charg® compensated 13 correspond to an isolated vacancy without yttrium impu-
by the presence of substitutional yttrium, the additional electity. As shown in Sec. IV A yttrium does not affect the oxy-
trons forming the F neutral centers must be provided by regen displacement pattern around the vacancy when placed in
ducing the sampleadding additional neutral vacanciesr  the lowest energy site NNN to the vacancy. Since yttrium is
by electron-hole generation by irradiation. The DOS in Fig.a —1 charged defect, its presence close to the vacancy might
_ be expected to produce an additional repulsive Madelung

TABLE X. Energy gap Eg), valence band maximunE(ey),  field for the electrons which would push up the energy of the
conduction band minimumcgy), position of the F centerHlue)  F centers. However, by adding an additional electron and an
with respect tcEygy for the isolated vacancy in relaxed and unre- ¥ttrium impurity in the NNN site, we found that the position
laxed configurations ofdn‘ferer_lt chargg state._The calculatlons_ refeOf neutral F center level with respect to the valence band
to a 95 atom supercell. Energies are in &\E, is the energy gain ) . . .

, : maximum is only slightly lower in energ{0.02 e\j than the

due to atomic relaxation. . ; . .
value reported in Table X. Although mainly localized in the
vacancy region, the wave function of the electron trapped in

Ideal Relaxed o )

Charge 4o 1 0 42 1 0 the color centers has a not-neghglble overlqp with the
ds,2_,2 atomic orbitals localized on the four Zr ions NN to

Eq 2.75 3.23 3.31 3.29 3.30 3.31 the vacancy. The mixing of aglike state localized in the

Evem 6.73 6.66 6.60 6.61 6.60 6.59 vacancy with thed states of the neighboring cations is not

Ecam 9.48 9.89 9.91 9.90 9.90 9.90 surprising. In fact, the states at the bottom of the conduction

Eger 046 135 231 291 255 band in pure zirconia have mainycharactef>**

AE, 3.50 1.18 0.16 As a final remark, it should be noted that the calculated

position of the color center levels with respect to the CBM is
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probably underestimated due to the error in the electronithe vacancies moving mainly alofd00 by 0.3 A on the
gap, usual in DFT-LDA framework. On the other hand, theaverage. However, other atoms can move as much as 0.2 A.
value of the Hubbard) is reliable since it is obtained from The structure factor and the Debye-Waller factor computed
the difference of total energies not affected by the failures ofrom the dynamical simulation are in good agreement with
DFT-LDA in describing excited-state energies. Thereforethe experimental scattering data and provide further evidence
while we are confident in the prediction of the instability of of the reliability of our model for YSZ. Furthermore the
the F" center with respect to decay into the neutral F centeranalysis of the electronic properties let us identify the F
the exact positions of the color centers level with respect t@olor center as a negative Hubbaddsite. Although we have
the CBM require more sophisticated calculation beyondnot addressed the problem of the mechanism of vacancy dif-
DFT-LDA that are better able to describe the excited-statéusion in the fast-ion conductor regime, simulations of the
energies. kind here described might help clarify this issue as well. On
the other hand, the size of our samples, although fairly large
VI. CONCLUSIONS for an ab initio calculation, are still too small to properly

In summary, we have been able to correctly reproduce thaddress the other issue of vacancies aggregation and ordering
structural behavior of pure zirconia at zero temperature an@roposed in some experimental worRs? However, theab
low pressure. Our calculations allow us to identify the maininitio data provided in this work could be used to tune new,
pattern of the atomic relaxation in YSZ. Based on total-more transferable, empirical potenti"élable to address this
energy calculations we assign the position NNN to the valatter problem via thousand-atoms simulations.
cancy as the preferential site for yttrium location. Our results
_also conf!rm the model of the displacement pattern from the ACKNOWLEDGMENTS
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