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Tetragonal Y-doped zirconia: Structure and ion conductivity
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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 A to each dopant. An activation energy for ion conductivity of 0.87 eV is calculated in very good
agreement with experimental findings.
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I. INTRODUCTION lll. PURE ZIRCONIA

Zirconia is widely used as support material in catalysis. A As a starting point for our investigation we used the work

9 . .
second important property used in many applications is it fJorT_]ardet_aI. v;her_ehsehveral bulk pha;z/s of zwcon:ja r;]ave
ion conductivity, mediated by oxygen vacancies. The con2€€n Investigated with the same methodle repeated the

centration of vacancies can be varied by dopants such Sgructural optimization f_or the tetragonal phase starting from
ceria or yttria. These dopants influence also the crystal strudl® geometry reported in Ref. 9 within the setup used here.
ture of zirconia. Pure zirconia has a monoclinic structure up! Ne results are compiled in Table | together with the experi-
to a temperature of about 1446 K, where it changes to th&ental values.

tetragonal modification. For temperatures higher than 2643 The density of state¢$DOS) of tetragonal ZrQ is dis-

K zirconia adopts a cubic fluorite structure. Yttrium doping played in the top panel of Fig. 1. Starting from the lowest
can be employed to partially or completely stabilize the te-energies, the first states are the zirconiusnafd 4p states
tragonal and cubic modification, even at room temperaturéat around—48 and—26 eV; not shown in the grapHtol-
(PSZ: partially stabilized zirconia; FSZ: fully stabilized zir- lowed by the O-3 states. The oxygep band, completely
conia, Y-content above approximately 8 mol.99SZ (with  filled by the transfer of two Zd electrons per O ion is the
an Y content of about 2—6 molPhas the advantage of high highest occupied energy baialence band The empty Zr
resistivity against physical shocks and thermal stresseg band represents the conduction band of this semiconductor
While cubic zirconia has been studied in the past quite thorang js separated by an energy gap of 4.21 eV from the va-
oughly, information on.the tetragonal modification is scarcejence band. Experimentally a direct band gap of 4. Jel¥c-

Iq this study, we examine the bulk phase. of tetragonal Zirt0tron energy loss spectroscopy and 5.78 eV (vacuum-

nia, the structure around oxygen vacancies and yttrium _do iitraviolet spectroscopd? has been determined.

ants, as well as the oxygen ion conductivity on the basis o For all further investigations we increase the size of our

density functional theoryDFT). basis cell, so that small amounts of impurities and/or vacan-
cies can be examined. The primitive cell was multiplied by a
factor of three inx andy directions and doubled in the
direction leading to an approximately cubic supercell of

The calculations are performed using the Vieahanitio  10.94 Ax10.94 Ax10.57 A containing 36 Zr@formula
simulation packageaspP (Refs. 1,2 which is a density- units. With this setup, the smallest possible Y content that
functional-theory(DFT) code, working in a plane wave basis can be achieved is Y:Z1:35 (equivalent to 1.4 mol % or
set. Electron-ion interaction is described using the projectoR.6 mass % ¥O). In a similar manner Stappet al* in-
augmented wave methd@iwith plane waves up to an energy vestigated Y-doped cubic zirconia, so that a direct compari-
of E.~=250 eV. For exchange and correlation the func-son between cubic and tetragonal zirconia is possible.
tional proposed by Perdew and Zunyisrused, addingnon-

. . . 6
local) generalized gradient correction&SGA).° For the TABLE I. Lattice constang, c/a ratio and distortion parameter

primitive bulk cell (containing two zirconium and four oxy- ¢ for tetragonal zirconia compared to experimental values from
gen ion$ Brillouin zone sampling was performed on a denseress. 10.11.

E—point mesh of 1% 15X 11 points. However, for the larger

Il. THEORY

supercells used throughout most of the calculations we re- Calc. Exp.
stricted thek-point sampling to one singléoff symmetry a 3.645 3.605
point at (;,%,7). To determine the diffusion barriers, transi- ¢/a 1.451 1.437
tion states were determined using the nudged elastic bang 0.054 0.065
method(NEB).”®
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0.55 FIG. 2. Charge-density iso-surface of gap states, due to the for-
E A mation of an oxygen vacancy in pure zircoli& and with a single
0.0 = == Y impurity (b).
1.5E ©
'g 1_0§ Charged vacanciesVhen we remove not only a neutral
® 3 oxygen atom, but also the additional electrons completely or
3 05 0\ partially, which are localized at this ion, then the remaining
% 0.0£: L cell is charged: this charge is1, if an O ion, and +2,
2 5 (d) when an @~ -ion is removed from the cell. The correspond-
o E ing vacancies are then called F (Fart)r F* * center. This
© 1'05 charging of the cell implies several corrections to the energy:
0.5 on one hand the interaction of point chargdee to the pe-
0.0E A riodic boundary conditionshas to be considered and on the
z other hand a correction term for varying Fermi levels has to
15 F be introduced. In addition to that, spin-polarization has to be
10§ taken into account for the singly charged cell. The formation
05k energy of a vacancydependent on the charge of the agll
0.0 Exds . and the Fermi levekg with respect to the valence band
. ; val i
S maximumE"Y?) can be calculated according to
1.5
1.0k E1(0,6¢) =Ei— Efgtt - £r~ Ec(Q) (6
0.55 A A M /\/\ with the total energy from the calculatidfy,, the reference
Y] | I A NN A Y A W energy for neutral cell€[S and finally a correction term
20 15 '10E (ev;s 0 5 E.(q) for the Coulomb interaction of point charges
FIG. 1. Density of stateOS) for tetragonal zirconia: puré), Ed(q)= —(qe)2 2)
with a single oxygen vacandy), with a single Y impurity(c) and Qo&o

with an O vacancy and a Y impuritg) per 36 formula units Zr@
Panelqe) and(f) show DOS for the optimized structures at 2.9 mol
and 5.9 mol %. The energy zero is set to the top of thepdand,
the dashed line indicates the Fermi level.

a stands for Madelung’s constant of the cal), for the lat-

tice parameter, and, for the dielectric constant of tetrago-

nal ZrO,, for which we took a value o&y=39.8 from the

literature!® This correction term results in an up shift in en-

ergy by 47190 meV for singly (doubly) charged cells. For

IV. ISOLATED IMPURITIES the reference energy of the uncharged system we take
A. Oxygen vacancy Eo(ZrO,) — $E o O5). In that way the formation energy de-

. . . . ._scribes the energy cost for creating an oxygen vacancy and
The formation of an isolated O vacancy in pure ZIrconiagy ming at the same time half an,Gnolecule. Formation

leads to a situation where thegband can no longer hold all  gpergies according to these equations are visualized in Fig. 4
Zr-d electrons. As a consequence a gap state accommodating function of the position of the Fermi level.

the excess electrons appefsse Fig. 1b)]. This gap stateis  an obvious result from Fig. 4 is, that singly charged
visualized in real space in Fig(&@: Zr-d orbitals extending F*_centers are always unstable with respect to a pairwise
into the position of the O vacancy and hence conserving thgecay into a doubly charged F and a neutral F center. The
local charge (2) of the missing O ion at its former position. corresponding result has been obtained previously for cubic
The distortion pattern due to the removal of the oxygen atonzirconial® Neutral F centers exist only for rather high values
is sketched in Fig. 3. All surrounding ions move towards theof e, which can be achieved by dopants, which induce a
vacancy to reduce its size; the two Zr ions by 0.08 A, the Osurplus of electron$Nb, ...). When yttria is used as dop-
ions slightly more(up to 0.13 A). However, the two elec- ant, as we assume in the present study, ofly Eenters will
trons captured in the vacancy prevent a more pronouncebe realized.

distortion. Nevertheless, the energy gain due to the relaxation In the case of charged F centers the structural distortions
of the ions is 0.22 eV. around the vacancies are much more pronounced. The sur-
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FIG. 3. Sketch of the optimized structures of Zmith a single O vacancy. Arrows indicate the direction of distortion, a square denotes
the positions of the O vacancy. The numbers describe the distditich) with respect to the ideal bulk structure.

rounding G~ ions are no longer repelled by the capturedabove, the Y defect can carry charge. However, in this case
electrons, but move closéup to 0.22/0.33 A) towards the the difference in formation energigaccording to Eq(1)] is
F"/F*" center. The Zr ions, on the other hand, are nowonly 70 meV (at eg=0). This implies, that already for a
repelled from the vacancy and move 0.09 (0.22) A from theFermi-level of 70 meV above the valence band maximum,
singly (doubly) charged defect. These values are again ircharged Y defects are favored. Relaxation of ionic coordi-
nice agreement with what was obtained for cubic zircdfiia. nNates(see Fig. $leads to an energy gain of 0.83 eV for the
The structural effects are accompanied by energy q@jes neutral defect. The distance of the surrounding O-ions from
supercell of 1.0 and 3.3 eV for the singly and doubly the Y-ion increases by approximately 0.16 A compared to
charged cell, respectively. the Zr-O distances. The reason for that is on one side the

Table 1l finally compiles the formation energies, energygreater ionic radius of yttrium and on the other side the
gaps and positions of gap states for the three F centers. Fémaller positive charge on the®Y (than on zf*) which is
the F" center also results for a spin-polarized calculation ardess attractive to the doubly negative charged oxygen ions.
given.

V. DEFECT INTERACTION

B. Yttrium dotation Based on the calculations so far, we got some ideas on the

Yttrium-doping induces additional states in the DOS, lo-influence of impurities on the structure in the surrounding
cated slightly above the corresponding zirconia stfse®, and on the energetics. In the following we investigate the
Fig. 1(c)]. Since yttrium possesses odeelectron less than interaction between different defects.
zirconium, the oxygerp-band is no longer fully occupied.
Hence, the Fermi level is pinned at the upper edge of the
valence band. Similar to the oxygen vacancies discussed

A. Y dopant and O vacancy

(Single yttrium doping reduces the total number of elec-
trons, comparable to the situation of the singly charged cell,

F //f.’ discussed above. Creating an oxygen vacancy in such a
6 —— doped environment results in a singly occupied gap state.
S‘ ‘ -
[0) 4 F ,,/I:++ TABLE Il. Formation energyE; for eg=0 [according to Eq.
‘_“’\ 2 - (1)], energy gap and position of the gap-state with respect to the
LLI //’ valence band maximum in eV for F centers. Epin) refers to a
0 g spin-polarized calculation.
0 1 2 3 4 Vacancy E¢ Gap Gap state
€ [eV) F 5.73 4.07 2.82
F* 2.69 4.16 3.31
FIG. 4. Formation energyHg) of neutral, singly and doubly F* (spin 2.55 4.14 2.97
charged F centers in Zglas a function of the Fermi levek{) with Fr+ -0.76 411

respect to the valence band maximum.
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FIG. 5. Sketch of the optimized structure of Zr@ith a single Y defect. Arrows indicate the direction of distortion, a circle denotes the
positions of the Y ion. The numbers describe the distortiond) with respect to the ideal bulk structure.

This reduces the vacancy formation enefgympared to the function of the Y-vacancy distanc@egative values of,
case without Y dopajtapproximately by the energy, that is describe attractive interaction.In both casegfor F* and
necessary to raise one electron from the valence band infe" * centerg a preference for distances around 4.0-4.5 A,
the gap statésee Table . Also the energy gags.15 e\  with a minimum at 4.11 A is obvious. This result agrees
and the position of the gap sta®36 eV fromE"?) remains ~ With the experimental findind® and is also consistent with
almost unchanged compared to the case with the singl{he preference of next nearest nelghbor sites for vacancies
charged cell. Since we know already, that Eenters are OVer nearest nelghbo7r 1ssltes in cubic zirconia, Whl(ig has been
unstable, it suggests itself to repeat the calculation also for afpund experimentally;'® as well as theoretlcall’y‘ Also
F** center, i.e., in a singly charged cell. This results again mthe bmdmg energies for cubic zirconia given in Ref. 14
an additional ener —0.10 eV, EyNN=—0.44 eV) fit well to the values

gy gain of around 0.7 eV. In order to quan

tify the interaction between Y ion and O vacancy, we defing’ eported above.
a binding energyE, as The structural modificationgfor the optimal Y-vac dis-

tance are shown in Fig. 7. The relaxations around the va-

E,=E[Y+vac]—[E[vac]+ E[Y]—E[ZrO,]], (3 cancy are very similar to those around vacancies with corre-
sponding charge in the pure system. Only the oxygen ion

whereE[vac],E[ Y], andE[ ZrO,] describe the total energies next to the Y ion moves closer towards the vacancy (0.24 A

of the isolated defects and of pure zirconia, all calculated fofgr the F*, 0.43 A for the E+ centey, since it is less at-

the same unit cell. For the defects, we took the energies frofacted by the ¥+ io

the corresponding charged calculatigiecluding Coulomb

correction$. Figure 6 illustrates this binding energy as a B. Y-Y interaction

In a next step, we investigate the interaction between two
Y defects. Two Y ions within our supercell is equivalent to a
doping of 2.9 mol % ¥O; (5.6 mol% YQ 5 or 5.1 mass %
Y,03). Y-Y binding energies, calculated according to Eq.
(3), are compiled in Table Ill. For the neutral Y-Y pair we
used the neutral isolated Y defect as reference system, for the
doubly charged cell the charged defect.

The results for both calculations are consistent: defects in
nearest neighbor distan¢fr the optimized structure, com-
pare Fig. 8 are preferred compared to such with a distance
of 5.15 A, while Y ions at maximal distance are even lower
in energy. However, these energy differences between vari-
- ous configurations are only rather small compared to the dif-
0.5 2 1 1 S 1 s ferences in the Y-O interaction energies.

0.1

2.0 25 3.0 3.5 40 4.5 5.0 5.5 6.0
d Y-vac [A] C. Y-Y-vacancy trimers

FIG. 6. Binding energy between Y impurity and F center as a From the point of view of charge neutrality this configu-
function of the distance. ration is what is to be expected: one oxygen vacancy'(F
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FIG. 7. Sketch of the optimized structure for an oxygen vacancy and a Y defect in tetragopalArrdvs indicate the direction of
distortion, circles and squares denote the positions of Y impurities and O vacancies, respectively. The (ibetsscribe the distortion
with respect to the ideal bulk structure.

compensates for two Y defects. Also for this situation, wemass % ¥%0O;) In this concentration regime, the tetragonal
investigated several probable configurations, always takinghase is still stable at room temperature, but we are already
into account the results from the previous calculations. The|gse to the tetragonal-cubic phase transition. Again we use
sum of the separate interaction energies for isolated defec{fie jnformation accumulated so far: we assume the existence
from Fig. 6 and Table Ill gives already a reasonable estimatgs y_y_g++ trimers, as we have calculated abdsee Table

for the stability of each configuration. These approximatelv) and optimize the relative position of such triangles
binding energiesE;™"®) together with the calculated values \iihin the supercell. The characteristic distances for the in-

: . Jeth e
K)/r various possible Y-Y-F" trimers are compiled in Table \egtigated configurations together with the binding energy
’ between two such triangles are compiled in Table V.

The dominant contribution to the binding energy comes The most favorable configuratiqmith a binding energy
from the Y-vacancy interaction: for the most stable configu-Of —0.81 eV) is also that with the highest symmetsge
ration both Y ions have the optimal distance of 4.11 A to the_. : 9 y Be

Yo ;
oxygen vacancy. These Y-Y-vacancy triangles are orienteg_'g' 10. The Y-Y-F" " triangles are oriented such that the
symmetrical along thé001) axes, inducing a distortion pat- istances between the oxygen vacancies and those between

tern as sketched in Fig. 9. As in the previous cases, a supefl€ Y defects and tEe vacancy of the second trio are maxi-
position of the distortion patterns of the isolated defectsMized. Both Y-Y-F'™ triangles are oriented parallel to the
(Y,F**) leads to a good description of the total effect: 0 (001 axes, but perpendicular to each other: while one of
ions move by about 0.14 A away from the Y defects, O ionst"em is lying in the X,2), the second one is located within
around the vacancies move by about 0.33 A towards th&"e (/.2) plane. In this configuration all undercoordinated
defect, while Zr ions increase their distance to the vacanc{Sevenfold Zr ions are within the samex(y) plane, with the

by ~0.15 A. Solely, that oxygen atom in the immediate © vacancies being alternatively below and above that plane.
vicinity of the vacancies and impurities moves by 0.62 A This leads to a situation for which 4 out of 9 Zr ions in that

towards the two sevenfold coordinated Zr ions. plane are undercoordinated. This undercoordination induces
stronger bonds with all other neighboring O atoms and hence
D. ZrO, with 5.9 mol % yttria reduces the average interplane distancex§) Zr and O

planes. Hence, although the cell geometry and shape was

Finally we also investigate a configuration with an yttria kept constant during the relaxation the interlayer distance is

content of 5.9 mol % percenfl1.1 mol% YQgs, 10.3

TABLE lII. Binding energy between two Y impurities in zirco- TABLE IV. Binding energy of Y-Y-F * trimers and character-
nia at a distance odly.y calculated in neutral and doubly charged istic distancegfor the undistorted systenin A.
cells.

le—YZ le—v le—v Egppmx Ep
dy_y Ep E, R) R) R) (eV)
(A) (eV) (eV)

3.65 4.38 4.38 —-0.76 —0.66
3.65 +.05 0.12 5.15 4.38 4.38 —-0.70 -0.34
5.15 +.10 0.18 7.38 4.38 4.11 -0.90 -0.85
7.38 —.02 0.03 3.65 4.11 4.11 -0.86 -0.93
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FIG. 8. Sketch of the optimized structures of two Y impurities in Zr@rows indicate the direction of distortion, the circles denote the
positions of the Y impurities. The numbefis A) describe the distortion with respect to the ideal bulk structure.

reduced from 1.322 A in tetragonal zirconia to 1.294 A.
Cubic zirconia(at the same lattice constaiias an interlayer
distance of 1.289 A. Also the buckling within the

oxygen layer is reduced from the ideal tetragonal value o

d,-c/a-a=0.29 A (see Table)lto 0.22 A. Both trends are

a clear indication for a beginning tetragonal to cubic trans-

formation.

VI. ION CONDUCTIVITY
A. Pure zirconia

The ion conductivity in zirconia is mediated via oxygen

(x,y) plane along thé€110) [or (110)] direction, or perpen-
dicular to this plane in thé001) direction(for the directions,

glease compare the sketches for ion diffusion in Y-doped

rO, in Fig. 11). For both directions the O-O distance is very
similar: 2.640 A within the X,y) plane and 2.644 A in the
direction perpendicular to that plane. Nevertheless, the diffu-
sion barriers’compiled in Table V) differ significantly. The
barrier is in both cases determined by a configuraticen-
sition staté for which the oxygen ion moves between two Zr
ions towards its new position. In the situation with the move-
ment in (001) direction these Zr ions have an ideal bulk
distance of 3.645 A, while this distance is slightly (0.05 A)

vacancies. Since the local environment is different aroundarger for diffusion within the X,y) plane. This tiny differ-
charged and noncharged F centers, different diffusion barrience is the reason for the lower diffusion barrier(ii0)
ers are expected. In pure tetragonal zirconia two distinct didirection. The higher barrier for the uncharged F centers

rections are possible for the igmacancy current: within the

N

//w)g’\w

comes from the strong repulsion between the negatively

Y

L

'\ — @
e 0.21 0.15‘&32 0.3]
R SRR e
0.14 ' |
6015 » fcv’y —_> — & " a t &)

\(A\//J‘

0.20

FIG. 9. Sketch of the optimized structures of a Y-Y-Ftrimer in ZrO,. Arrows indicate the direction of distortion, circles and squares

denote the positions of Y impurities and O vacancies, respectively. The numbers describe the distortion with respect to the ideal bulk

structure.
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TABLE V. Binding energyE, (in eV) between two Y-Y-F* ' ' ' ' ' ' ' '

trimers and characteristic distandésr the undistorted systene- 1.5¢ ,,""\‘
tween vacanciesu o) and Y ions (Y,_,) in A. 2l ;1(001)
U1 vy v vy vy Y1 Y Y Y Ep

%] Y3 Y4 Yl Y2 Y3 Y4 Y3 Y4

3.65 549 549 549 549 365 515 515 3.65 0.75
515 549 753 753 549 515 515 3.65 515 0.49
6.13 438 438 570 6.76 6.42 6.42 7.38 7.380.43
8.01 6.76 6.76 6.76 6.76 7.38 7.38 7.38 7.380.81

E, (&V)

12 14
charged O ion and the electrons captured in the vacancy,
which exchange their position at the barrier. /‘L}
B. Y-doped zirconia oA
For the Y-doped system the situation becomes much more © ~
complicated. Oxygen/vacancy positions are no longer PN |
equivalent. The stability of different vacancy positions—as N g
we have shown in the previous sections—depends strongly I
on the Y-F " distances. So it is no longer sufficient to cal- Y

culate the barrier for vacancy diffusion from one position to
the next, but we have to calculate the barriers between sev-

eral vacancy positions until the vacancy arrives finally at a FiG. 11. Y-Y-F"* interaction energies for vacancy diffusion in
position equivalent to the starting point. Starting from they-doped zirconia along théd11) (full line) and the(001) direction
optimal configuration described in Sec. V C, there are agaifdashed lingas a function of a reaction path coordinagdalcu-
two possible pathways for the vacancy: within the y) lated values are indicated by points, smooth lines are drawn on the
plane, or perpendicular to iitompare the sketches in Fig. basis of these points and corresponding tangents.
11). In the first case the pathway is longer—the vacancy
encounters six positions until it is again in a position equiva-come very close to the Y ions—a configuration which is
lent to the starting configuration, compared to only four in-energetically unfavorablésee Fig. 6.
equivalent positions during diffusion i001) direction (see In Fig. 11 we have completed the pathways by the barriers
Table VII). However, since the pathway parallel to tti4.0 between successive vacancy positions. Diffusion al®dg)
direction is symmetrical, only four positions are inequivalentis dominated by a huge barrier between position 2 and 3,
and the computational effort remains the same. Already ofivhere the oxygen iofthe vacancyhas to pass between the
the basis of the configurations along the pathwésble two Y ions. This situation is comparable to the diffusion
VII) we expect a smaller barrier for diffusion within the along(001) discussed for pure zirconia, with the additional
(x,y) plane, since in the second case the vacancy has @omplication that the ionic radius of% is bigger than that
of Zr**, so that the gap between the two ions is even smaller,
and hence the barrier higher.

Diffusion along (110 on the other hand is activatdtbr
2.9 mol% Y,03) by 0.87 eV. This barrier comes roughly
from the energy difference between the most and less favor-
able vacancy position along the pathway plus the diffusion
barrier of an F* center along th€110) direction. Experi-
mentally determined values for the diffusion barriat the
same Y contentrange between 0.80 and 0.96 @v?* The
most recent work by Capel and co-worl&rslistinguished
between contributions at grain-boundaries and barriers in the

Y

TABLE VI. Diffusion barriers (in eV) for charged and un-
charged vacancies in pure zirconia along th&0) and (001 direc-

FIG. 10. Sketch of the optimized structures of tetragonal ,ZrO flons.
with 5.9 mol % yttria content. Arrows indicate the direction of dis- = gt
tortion, circles and squares denote the positions of Y impurities and
O vacancies, respectively. The Y-Y-F trimers are marked by (110 1.35 0.22
triangles. The cell has been doubled in each direction for bette(001) 1.43 0.61
visualization.
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TABLE VII. Binding energiesEy, (in eV) for the vacancy posi-  of yttria. On the basis of these first principles calculations we
tions that are encountered during diffusion pathways al@ig) have demonstrated the following points.
and (001) directions in Y-doped zirconiecompare Fig. 111 F™* centers are stable except for high Fermi energy,

whereas F centers are always unstable with respect to a

(1Elo) (OEOD pairwise decay into a doubly charged F and a neutral F
b b center.
alA -0.93 -0.93 For every two Y impurities an oxygen vacancy is created
b/B —-0.51 —0.50 at a distance of 4.11 A from both Y ions. These Y-Y-F
c/C -0.35 —0.04 trimers are oriented symmetrically along tf@91) axis.
d/D -0.25 —-0.67 For higher yttria contents these Y-Y:E trimers are ar-

ranged such that the distance between the vacancies is maxi-
mized. Already for yttria contents of 5.9 mol % a clear ten-
tetragonal bulk and reports a bulk barrier of 0.86 eV in ex-dency for the tetragonal to cubic phase transition is
cellent agreement with our result. observable.

So, we find that the diffusion barrier in the doped material vacancy diffusion occurs only perpendicular to (@©1)
is determined by two contributions: a site-to-site diffusion gxes. |n clean zirconia diffusion of F (F) centers is acti-
barrier around 200 meV for diffusion within th&10) plane 5ieq by 1.35(0.22 eV. Y doping (yttria content of 2.9

and the interaction energy between the dopants and the pgsg| o) increases the activation energy to 0.87 eV in perfect
sition of the vacancies. The latter part depends strongly OBgreement with measured valif8s?

the arrangement and amount of Y-ions in the zirconia matrix.
This explains the observed dependency of the ion conductiv-
ity on Y doping and temperatufé. ACKNOWLEDGMENTS
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