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Tetragonal Y-doped zirconia: Structure and ion conductivity
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~Received 22 May 2001; published 3 October 2001!

Zirconia is of great industrial importance as support for catalysts and as ion conductor. Especially when
mechanical stability is needed in environments with varying temperature the tetragonal modification is supe-
rior, because of its high resistivity against physical shocks and thermal stresses. In this study density functional
theory is used to investigate the interaction between Y impurities and oxygen vacancies and to develop in this
way a structural model for Y-doped zirconia. For every two Y defects an O vacancy is formed at a distance of
about 4.11 Å to each dopant. An activation energy for ion conductivity of 0.87 eV is calculated in very good
agreement with experimental findings.

DOI: 10.1103/PhysRevB.64.174103 PACS number~s!: 61.72.Ji, 66.30.Dn, 71.15.Mb
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I. INTRODUCTION

Zirconia is widely used as support material in catalysis
second important property used in many applications is
ion conductivity, mediated by oxygen vacancies. The c
centration of vacancies can be varied by dopants such
ceria or yttria. These dopants influence also the crystal st
ture of zirconia. Pure zirconia has a monoclinic structure
to a temperature of about 1446 K, where it changes to
tetragonal modification. For temperatures higher than 2
K zirconia adopts a cubic fluorite structure. Yttrium dopin
can be employed to partially or completely stabilize the
tragonal and cubic modification, even at room temperat
~PSZ: partially stabilized zirconia; FSZ: fully stabilized zi
conia, Y-content above approximately 8 mol %!. PSZ ~with
an Y content of about 2–6 mol %! has the advantage of hig
resistivity against physical shocks and thermal stres
While cubic zirconia has been studied in the past quite th
oughly, information on the tetragonal modification is scar
In this study, we examine the bulk phase of tetragonal zir
nia, the structure around oxygen vacancies and yttrium d
ants, as well as the oxygen ion conductivity on the basis
density functional theory~DFT!.

II. THEORY

The calculations are performed using the Viennaab initio
simulation packageVASP ~Refs. 1,2! which is a density-
functional-theory~DFT! code, working in a plane wave bas
set. Electron-ion interaction is described using the projec
augmented wave method3,4 with plane waves up to an energ
of Ecut5250 eV. For exchange and correlation the fun
tional proposed by Perdew and Zunger5 is used, adding~non-
local! generalized gradient corrections~GGA!.6 For the
primitive bulk cell ~containing two zirconium and four oxy
gen ions! Brillouin zone sampling was performed on a den
kW -point mesh of 15315311 points. However, for the large
supercells used throughout most of the calculations we
stricted thekW -point sampling to one single~off symmetry!

point at (1
4 , 1

4 , 1
4 ). To determine the diffusion barriers, trans

tion states were determined using the nudged elastic b
method~NEB!.7,8
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III. PURE ZIRCONIA

As a starting point for our investigation we used the wo
of Jomardet al.9 where several bulk phases of zirconia ha
been investigated with the same method.1 We repeated the
structural optimization for the tetragonal phase starting fr
the geometry reported in Ref. 9 within the setup used h
The results are compiled in Table I together with the expe
mental values.

The density of states~DOS! of tetragonal ZrO2 is dis-
played in the top panel of Fig. 1. Starting from the lowe
energies, the first states are the zirconium 4s and 4p states
~at around248 and226 eV; not shown in the graph! fol-
lowed by the O-2s states. The oxygenp band, completely
filled by the transfer of two Zrd electrons per O ion is the
highest occupied energy band~valence band!. The empty Zr
d band represents the conduction band of this semicondu
and is separated by an energy gap of 4.21 eV from the
lence band. Experimentally a direct band gap of 4.2 eV~elec-
tron energy loss spectroscopy!12 and 5.78 eV ~vacuum-
ultraviolet spectroscopy!13 has been determined.

For all further investigations we increase the size of o
basis cell, so that small amounts of impurities and/or vac
cies can be examined. The primitive cell was multiplied by
factor of three inx and y directions and doubled in thez
direction leading to an approximately cubic supercell
10.94 Å310.94 Å310.57 Å containing 36 ZrO2 formula
units. With this setup, the smallest possible Y content t
can be achieved is Y:Zr51:35 ~equivalent to 1.4 mol % or
2.6 mass % Y2O3). In a similar manner Stapperet al.14 in-
vestigated Y-doped cubic zirconia, so that a direct comp
son between cubic and tetragonal zirconia is possible.

TABLE I. Lattice constanta, c/a ratio and distortion paramete
dz for tetragonal zirconia compared to experimental values fr
Refs. 10,11.

Calc. Exp.

a 3.645 3.605
c/a 1.451 1.437
dz 0.054 0.065
©2001 The American Physical Society03-1
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A. EICHLER PHYSICAL REVIEW B 64 174103
IV. ISOLATED IMPURITIES

A. Oxygen vacancy

The formation of an isolated O vacancy in pure zircon
leads to a situation where the Op band can no longer hold a
Zr-d electrons. As a consequence a gap state accommod
the excess electrons appears@see Fig. 1~b!#. This gap state is
visualized in real space in Fig. 2~a!: Zr-d orbitals extending
into the position of the O vacancy and hence conserving
local charge (22) of the missing O ion at its former position
The distortion pattern due to the removal of the oxygen at
is sketched in Fig. 3. All surrounding ions move towards
vacancy to reduce its size; the two Zr ions by 0.08 Å, the
ions slightly more~up to 0.13 Å). However, the two elec
trons captured in the vacancy prevent a more pronoun
distortion. Nevertheless, the energy gain due to the relaxa
of the ions is 0.22 eV.

FIG. 1. Density of states~DOS! for tetragonal zirconia: pure~a!,
with a single oxygen vacancy~b!, with a single Y impurity~c! and
with an O vacancy and a Y impurity~d! per 36 formula units ZrO2.
Panels~e! and~f! show DOS for the optimized structures at 2.9 m
and 5.9 mol %. The energy zero is set to the top of the O-2p band,
the dashed line indicates the Fermi level.
17410
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Charged vacancies.When we remove not only a neutra
oxygen atom, but also the additional electrons completely
partially, which are localized at this ion, then the remaini
cell is charged: this charge is11, if an O2 ion, and12,
when an O22 -ion is removed from the cell. The correspon
ing vacancies are then called F (Farb)1 or F11 center. This
charging of the cell implies several corrections to the ener
on one hand the interaction of point charges~due to the pe-
riodic boundary conditions! has to be considered and on th
other hand a correction term for varying Fermi levels has
be introduced. In addition to that, spin-polarization has to
taken into account for the singly charged cell. The format
energy of a vacancy~dependent on the charge of the cellq
and the Fermi level«F with respect to the valence ban
maximumEval) can be calculated according to

Ef~q,«F!5Etot2Etot
ref1q•«F2Ec~q! ~1!

with the total energy from the calculationEtot , the reference
energy for neutral cellsEtot

ref and finally a correction term
Ec(q) for the Coulomb interaction of point charges

Ec~q!52~qe!2
a

a0«0
. ~2!

a stands for Madelung’s constant of the cell,a0 for the lat-
tice parameter, and«0 for the dielectric constant of tetrago
nal ZrO2, for which we took a value of«0539.8 from the
literature.15 This correction term results in an up shift in e
ergy by 47~190! meV for singly ~doubly! charged cells. For
the reference energy of the uncharged system we
Etot(ZrO2)2 1

2 Etot(O2). In that way the formation energy de
scribes the energy cost for creating an oxygen vacancy
forming at the same time half an O2 molecule. Formation
energies according to these equations are visualized in F
as function of the position of the Fermi level.

An obvious result from Fig. 4 is, that singly charge
F1-centers are always unstable with respect to a pairw
decay into a doubly charged F11 and a neutral F center. Th
corresponding result has been obtained previously for cu
zirconia.14 Neutral F centers exist only for rather high valu
of «F , which can be achieved by dopants, which induce
surplus of electrons~Nb, . . .!. When yttria is used as dop
ant, as we assume in the present study, only F11 centers will
be realized.

In the case of charged F centers the structural distorti
around the vacancies are much more pronounced. The

FIG. 2. Charge-density iso-surface of gap states, due to the
mation of an oxygen vacancy in pure zirconia~a! and with a single
Y impurity ~b!.
3-2
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FIG. 3. Sketch of the optimized structures of ZrO2 with a single O vacancy. Arrows indicate the direction of distortion, a square den
the positions of the O vacancy. The numbers describe the distortion~in Å) with respect to the ideal bulk structure.
ed

ow
th

i
.

ly

gy
. F
ar

lo

.
th
s

ase

m,
di-
e
om
to
the
he

s.

the
ng
the

c-
ell,
h a
ate.

the
rounding O22 ions are no longer repelled by the captur
electrons, but move closer~up to 0.22/0.33 Å) towards the
F1/F11 center. The Zr ions, on the other hand, are n
repelled from the vacancy and move 0.09 (0.22) Å from
singly ~doubly! charged defect. These values are again
nice agreement with what was obtained for cubic zirconia14

The structural effects are accompanied by energy gains~per
supercell! of 1.0 and 3.3 eV for the singly and doub
charged cell, respectively.

Table II finally compiles the formation energies, ener
gaps and positions of gap states for the three F centers
the F1 center also results for a spin-polarized calculation
given.

B. Yttrium dotation

Yttrium-doping induces additional states in the DOS,
cated slightly above the corresponding zirconia states@see,
Fig. 1~c!#. Since yttrium possesses oned-electron less than
zirconium, the oxygenp-band is no longer fully occupied
Hence, the Fermi level is pinned at the upper edge of
valence band. Similar to the oxygen vacancies discus

FIG. 4. Formation energy (EF) of neutral, singly and doubly
charged F centers in ZrO2 as a function of the Fermi level («F) with
respect to the valence band maximum.
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above, the Y defect can carry charge. However, in this c
the difference in formation energies@according to Eq.~1!# is
only 70 meV ~at «F50). This implies, that already for a
Fermi-level of 70 meV above the valence band maximu
charged Y defects are favored. Relaxation of ionic coor
nates~see Fig. 5! leads to an energy gain of 0.83 eV for th
neutral defect. The distance of the surrounding O-ions fr
the Y-ion increases by approximately 0.16 Å compared
the Zr-O distances. The reason for that is on one side
greater ionic radius of yttrium and on the other side t
smaller positive charge on the Y31 ~than on Zr41) which is
less attractive to the doubly negative charged oxygen ion

V. DEFECT INTERACTION

Based on the calculations so far, we got some ideas on
influence of impurities on the structure in the surroundi
and on the energetics. In the following we investigate
interaction between different defects.

A. Y dopant and O vacancy

~Single! yttrium doping reduces the total number of ele
trons, comparable to the situation of the singly charged c
discussed above. Creating an oxygen vacancy in suc
doped environment results in a singly occupied gap st

TABLE II. Formation energyEf for «F50 @according to Eq.
~1!#, energy gap and position of the gap-state with respect to
valence band maximum in eV for F centers. F1 ~spin! refers to a
spin-polarized calculation.

Vacancy Ef Gap Gap state

F 5.73 4.07 2.82
F1 2.69 4.16 3.31
F1 ~spin! 2.55 4.14 2.97
F11 -0.76 4.11
3-3
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FIG. 5. Sketch of the optimized structure of ZrO2 with a single Y defect. Arrows indicate the direction of distortion, a circle denotes
positions of the Y ion. The numbers describe the distortion~in Å) with respect to the ideal bulk structure.
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This reduces the vacancy formation energy~compared to the
case without Y dopant! approximately by the energy, that
necessary to raise one electron from the valence band
the gap state~see Table II!. Also the energy gap~4.15 eV!
and the position of the gap state~3.36 eV fromEval) remains
almost unchanged compared to the case with the sin
charged cell. Since we know already, that F1 centers are
unstable, it suggests itself to repeat the calculation also fo
F11 center, i.e., in a singly charged cell. This results again
an additional energy gain of around 0.7 eV. In order to qu
tify the interaction between Y ion and O vacancy, we defi
a binding energyEb as

Eb5E@Y1vac#2@E@vac#1E@Y#2E@ZrO2##, ~3!

whereE@vac#,E@Y#, andE@ZrO2# describe the total energie
of the isolated defects and of pure zirconia, all calculated
the same unit cell. For the defects, we took the energies f
the corresponding charged calculations~including Coulomb
corrections!. Figure 6 illustrates this binding energy as

FIG. 6. Binding energy between Y impurity and F center a
function of the distance.
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function of the Y-vacancy distance~negative values ofEb
describe attractive interaction.!. In both cases~for F1 and
F11 centers! a preference for distances around 4.0–4.5
with a minimum at 4.11 Å is obvious. This result agre
with the experimental findings16 and is also consistent with
the preference of next nearest neighbor sites for vacan
over nearest neighbor sites in cubic zirconia, which has b
found experimentally,17,18 as well as theoretically.14,19 Also
the binding energies for cubic zirconia given in Ref. 1
(Eb

NN520.10 eV, Eb
NNN520.44 eV) fit well to the values

reported above.
The structural modifications~for the optimal Y-vac dis-

tance! are shown in Fig. 7. The relaxations around the v
cancy are very similar to those around vacancies with co
sponding charge in the pure system. Only the oxygen
next to the Y ion moves closer towards the vacancy (0.24
for the F1, 0.43 Å for the F11 center!, since it is less at-
tracted by the Y31 ion.

B. Y-Y interaction

In a next step, we investigate the interaction between
Y defects. Two Y ions within our supercell is equivalent to
doping of 2.9 mol % Y2O3 ~5.6 mol % YO1.5 or 5.1 mass %
Y2O3). Y-Y binding energies, calculated according to E
~3!, are compiled in Table III. For the neutral Y-Y pair w
used the neutral isolated Y defect as reference system, fo
doubly charged cell the charged defect.

The results for both calculations are consistent: defect
nearest neighbor distance~for the optimized structure, com
pare Fig. 8! are preferred compared to such with a distan
of 5.15 Å, while Y ions at maximal distance are even low
in energy. However, these energy differences between v
ous configurations are only rather small compared to the
ferences in the Y-O interaction energies.

C. Y-Y-vacancy trimers

From the point of view of charge neutrality this config
ration is what is to be expected: one oxygen vacancy (F11)

a

3-4



TETRAGONAL Y-DOPED ZIRCONIA: STRUCTURE AND . . . PHYSICAL REVIEW B64 174103
FIG. 7. Sketch of the optimized structure for an oxygen vacancy and a Y defect in tetragonal ZrO2. Arrows indicate the direction of
distortion, circles and squares denote the positions of Y impurities and O vacancies, respectively. The numbers~in Å) describe the distortion
with respect to the ideal bulk structure.
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compensates for two Y defects. Also for this situation,
investigated several probable configurations, always tak
into account the results from the previous calculations. T
sum of the separate interaction energies for isolated def
from Fig. 6 and Table III gives already a reasonable estim
for the stability of each configuration. These approxim
binding energies (Eb

approx) together with the calculated value
for various possible Y-Y-F11 trimers are compiled in Table
IV.

The dominant contribution to the binding energy com
from the Y-vacancy interaction: for the most stable config
ration both Y ions have the optimal distance of 4.11 Å to t
oxygen vacancy. These Y-Y-vacancy triangles are orien
symmetrical along the~001! axes, inducing a distortion pat
tern as sketched in Fig. 9. As in the previous cases, a su
position of the distortion patterns of the isolated defe
(Y,F11) leads to a good description of the total effect:
ions move by about 0.14 Å away from the Y defects, O io
around the vacancies move by about 0.33 Å towards
defect, while Zr ions increase their distance to the vaca
by ;0.15 Å. Solely, that oxygen atom in the immedia
vicinity of the vacancies and impurities moves by 0.62
towards the two sevenfold coordinated Zr ions.

D. ZrO 2 with 5.9 mol % yttria

Finally we also investigate a configuration with an yttr
content of 5.9 mol % percent~11.1 mol % YO1.5, 10.3

TABLE III. Binding energy between two Y impurities in zirco
nia at a distance ofdY-Y calculated in neutral and doubly charge
cells.

dY2Y Eb
0 Eb

22

(Å) ~eV! ~eV!

3.65 1.05 0.12
5.15 1.10 0.18
7.38 2.02 0.03
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mass % Y2O3! In this concentration regime, the tetragon
phase is still stable at room temperature, but we are alre
close to the tetragonal-cubic phase transition. Again we
the information accumulated so far: we assume the existe
of Y-Y-F11 trimers, as we have calculated above~see Table
IV ! and optimize the relative position of such triangl
within the supercell. The characteristic distances for the
vestigated configurations together with the binding ene
between two such triangles are compiled in Table V.

The most favorable configuration~with a binding energy
of 20.81 eV) is also that with the highest symmetry~see
Fig. 10!. The Y-Y-F11 triangles are oriented such that th
distances between the oxygen vacancies and those bet
the Y defects and the vacancy of the second trio are m
mized. Both Y-Y-F11 triangles are oriented parallel to th
~001! axes, but perpendicular to each other: while one
them is lying in the (x,z), the second one is located withi
the (y,z) plane. In this configuration all undercoordinate
~sevenfold! Zr ions are within the same (x,y) plane, with the
O vacancies being alternatively below and above that pla
This leads to a situation for which 4 out of 9 Zr ions in th
plane are undercoordinated. This undercoordination indu
stronger bonds with all other neighboring O atoms and he
reduces the average interplane distance of (x,y) Zr and O
planes. Hence, although the cell geometry and shape
kept constant during the relaxation the interlayer distanc

TABLE IV. Binding energy of Y-Y-F11 trimers and character
istic distances~for the undistorted system! in Å.

dY12Y2
dY12v dY12v Eb

approx Eb

~Å! ~Å! ~Å! ~eV!

3.65 4.38 4.38 20.76 20.66
5.15 4.38 4.38 20.70 20.34
7.38 4.38 4.11 20.90 20.85
3.65 4.11 4.11 20.86 20.93
3-5
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FIG. 8. Sketch of the optimized structures of two Y impurities in ZrO2. Arrows indicate the direction of distortion, the circles denote
positions of the Y impurities. The numbers~in Å) describe the distortion with respect to the ideal bulk structure.
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reduced from 1.322 Å in tetragonal zirconia to 1.294
Cubic zirconia~at the same lattice constant! has an interlayer
distance of 1.289 Å. Also the buckling within th
oxygen layer is reduced from the ideal tetragonal value
dz•c/a•a50.29 Å ~see Table I! to 0.22 Å. Both trends are
a clear indication for a beginning tetragonal to cubic tra
formation.

VI. ION CONDUCTIVITY

A. Pure zirconia

The ion conductivity in zirconia is mediated via oxyge
vacancies. Since the local environment is different arou
charged and noncharged F centers, different diffusion ba
ers are expected. In pure tetragonal zirconia two distinct
rections are possible for the ion~vacancy! current: within the
17410
.

f

-

d
ri-
i-

(x,y) plane along the~110! @or (1̄10)# direction, or perpen-
dicular to this plane in the~001! direction~for the directions,
please compare the sketches for ion diffusion in Y-dop
ZrO2 in Fig. 11!. For both directions the O-O distance is ve
similar: 2.640 Å within the (x,y) plane and 2.644 Å in the
direction perpendicular to that plane. Nevertheless, the di
sion barriers~compiled in Table VI! differ significantly. The
barrier is in both cases determined by a configuration~tran-
sition state! for which the oxygen ion moves between two Z
ions towards its new position. In the situation with the mov
ment in ~001! direction these Zr ions have an ideal bu
distance of 3.645 Å, while this distance is slightly (0.05 Å
larger for diffusion within the (x,y) plane. This tiny differ-
ence is the reason for the lower diffusion barrier in~110!
direction. The higher barrier for the uncharged F cent
comes from the strong repulsion between the negativ
res
eal bulk
FIG. 9. Sketch of the optimized structures of a Y-Y-F11 trimer in ZrO2. Arrows indicate the direction of distortion, circles and squa
denote the positions of Y impurities and O vacancies, respectively. The numbers describe the distortion with respect to the id
structure.
3-6
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TETRAGONAL Y-DOPED ZIRCONIA: STRUCTURE AND . . . PHYSICAL REVIEW B64 174103
charged O ion and the electrons captured in the vaca
which exchange their position at the barrier.

B. Y-doped zirconia

For the Y-doped system the situation becomes much m
complicated. Oxygen/vacancy positions are no lon
equivalent. The stability of different vacancy positions—
we have shown in the previous sections—depends stro
on the Y-F11 distances. So it is no longer sufficient to ca
culate the barrier for vacancy diffusion from one position
the next, but we have to calculate the barriers between
eral vacancy positions until the vacancy arrives finally a
position equivalent to the starting point. Starting from t
optimal configuration described in Sec. V C, there are ag
two possible pathways for the vacancy: within the (x,y)
plane, or perpendicular to it~compare the sketches in Fig
11!. In the first case the pathway is longer—the vacan
encounters six positions until it is again in a position equi
lent to the starting configuration, compared to only four
equivalent positions during diffusion in~001! direction ~see
Table VII!. However, since the pathway parallel to the~110!
direction is symmetrical, only four positions are inequivale
and the computational effort remains the same. Already
the basis of the configurations along the pathways~Table
VII ! we expect a smaller barrier for diffusion within th
(x,y) plane, since in the second case the vacancy ha

TABLE V. Binding energyEb ~in eV! between two Y-Y-F11

trimers and characteristic distances~for the undistorted system! be-
tween vacancies (v1,2) and Y ions (Y124) in Å.

v1 v1 v1 v2 v2 Y1 Y1 Y2 Y2 Eb

v2 Y3 Y4 Y1 Y2 Y3 Y4 Y3 Y4

3.65 5.49 5.49 5.49 5.49 3.65 5.15 5.15 3.65 0.7
5.15 5.49 7.53 7.53 5.49 5.15 5.15 3.65 5.15 0.4
6.13 4.38 4.38 5.70 6.76 6.42 6.42 7.38 7.3820.43
8.01 6.76 6.76 6.76 6.76 7.38 7.38 7.38 7.3820.81

FIG. 10. Sketch of the optimized structures of tetragonal Zr2

with 5.9 mol % yttria content. Arrows indicate the direction of di
tortion, circles and squares denote the positions of Y impurities
O vacancies, respectively. The Y-Y-F11 trimers are marked by
triangles. The cell has been doubled in each direction for be
visualization.
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come very close to the Y ions—a configuration which
energetically unfavorable~see Fig. 6!.

In Fig. 11 we have completed the pathways by the barr
between successive vacancy positions. Diffusion along~001!
is dominated by a huge barrier between position 2 and
where the oxygen ion~the vacancy! has to pass between th
two Y ions. This situation is comparable to the diffusio
along ~001! discussed for pure zirconia, with the addition
complication that the ionic radius of Y31 is bigger than that
of Zr41, so that the gap between the two ions is even sma
and hence the barrier higher.

Diffusion along~110! on the other hand is activated~for
2.9 mol % Y2O3) by 0.87 eV. This barrier comes roughl
from the energy difference between the most and less fa
able vacancy position along the pathway plus the diffus
barrier of an F11 center along the~110! direction. Experi-
mentally determined values for the diffusion barrier~at the
same Y content! range between 0.80 and 0.96 eV.20–24 The
most recent work by Capel and co-workers24 distinguished
between contributions at grain-boundaries and barriers in

TABLE VI. Diffusion barriers ~in eV! for charged and un-
charged vacancies in pure zirconia along the~110! and~001! direc-
tions.

F F11

~110! 1.35 0.22
~001! 1.43 0.61

d

er

FIG. 11. Y-Y-F11 interaction energies for vacancy diffusion i
Y-doped zirconia along the~011! ~full line! and the~001! direction
~dashed line! as a function of a reaction path coordinateds. Calcu-
lated values are indicated by points, smooth lines are drawn on
basis of these points and corresponding tangents.
3-7
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A. EICHLER PHYSICAL REVIEW B 64 174103
tetragonal bulk and reports a bulk barrier of 0.86 eV in e
cellent agreement with our result.

So, we find that the diffusion barrier in the doped mater
is determined by two contributions: a site-to-site diffusi
barrier around 200 meV for diffusion within the~110! plane
and the interaction energy between the dopants and the
sition of the vacancies. The latter part depends strongly
the arrangement and amount of Y-ions in the zirconia mat
This explains the observed dependency of the ion conduc
ity on Y doping and temperature.23

VII. SUMMARY

Summarizing we have investigated the bulk properties
tetragonal zirconia—in its pure form and for various conte

TABLE VII. Binding energiesEb ~in eV! for the vacancy posi-
tions that are encountered during diffusion pathways along~110!
and ~001! directions in Y-doped zirconia~compare Fig. 11!.

~110! ~001!
Eb Eb

a/A 20.93 20.93
b/B 20.51 20.50
c/C 20.35 20.04
d/D 20.25 20.67
e

d

c

ng
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of yttria. On the basis of these first principles calculations
have demonstrated the following points.

F11 centers are stable except for high Fermi ener
whereas F1 centers are always unstable with respect to
pairwise decay into a doubly charged F11 and a neutral F
center.

For every two Y impurities an oxygen vacancy is creat
at a distance of 4.11 Å from both Y ions. These Y-Y-F11

trimers are oriented symmetrically along the~001! axis.
For higher yttria contents these Y-Y-F11 trimers are ar-

ranged such that the distance between the vacancies is m
mized. Already for yttria contents of 5.9 mol % a clear te
dency for the tetragonal to cubic phase transition
observable.

Vacancy diffusion occurs only perpendicular to the~001!
axes. In clean zirconia diffusion of F (F11) centers is acti-
vated by 1.35~0.22! eV. Y doping ~yttria content of 2.9
mol %! increases the activation energy to 0.87 eV in perf
agreement with measured values.20–24

ACKNOWLEDGMENTS

Calculations have been performed on the Cray T3E at
John v. Neumann Institute for Computing in the Forschun
zentrum Ju¨lich. Special thanks to G. Kresse and J. Hafner
helpful comments and discussions.
ys.

m.

r-

J.

ier,

a-
1URL http://cms.mpi.univie.ac.at/vasp/
2G. Kresse and J. Furthmu¨ller, Phys. Rev. B54, 11 169~1996!;

Comput. Mater. Sci.6, 15 ~1996!.
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