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Theory of the phases and atomistic structure of yttria-doped zirconia
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Atomistic configurations of yttria-stabilized zirconia between 3 and 10 mol % Y2O3 were relaxed using the
pseudopotential technique. The results showed a phase transition to the cubic~c! (ZrO2)1002x(Y2O3)x at x
;10 mol %. The electron-energy-loss near-edge spectra, calculated using the linear muffin-tin orbital method
and relaxed defect geometry, agree with experiment. In the displacive limit of the double-well potential model,
the vibration modes, corresponding to a soft phonon ofc-ZrO2, were calculated for each composition of
yttria-stabilized zirconia. The effect of anharmonicity yields the fine structure in the spectral density which is
associated with stabilization atx,10 mol %. In studying the phonon dynamics, we use the displacement
probability density which quantifies accurately the transition temperature above which thec phase is stabilized.
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Pure ZrO2 exhibits three polymorphs: the monoclinic~m!
phase, with cations located in sevenfold coordination en
ronments, the tetragonal~t! phase between 1170 and 2370 °
where Zr41 is found in distorted eightfold coordination, an
finally, the high-temperaturec phase whose eightfold cation
are perfectly coordinated. Y2O3 has a large solid solubility
range in ZrO2 and can be used to stabilize thet phase of
(ZrO2)1002x(Y2O3)x over the composition range 2,x
,9 mol % and thec phase with 4,x,40 mol %. In yttria-
stabilized zirconia~YSZ!, the trivalent dopant Y31 substitute
for some of the host cations and, in order to maintain cha
neutrality, one O vacancy must be created for each pai
dopant cations. The presence of relaxed vacancies~i! make
the local atomic environments of YSZ rather different fro
the corresponding stoichiometric phases and~ii ! reduces the
average cation coordination number to a value between 7
8 depending on the dopant concentration.

The x-ray absorption findings1 suggest that dopant cation
do not take an active part in stabilization. If the vacanc
associate with Zr ions, it may support a coordination-driv
ordering model of stabilization. Placing Y in the nex
nearest-neighbor~NNN! cation positions allows the coord
nation of Zr in the nearest-neighbor~NN! sites to the va-
cancy to be similar to the arrangement in them phase while
Y remains eightfold coordinated. Theab initio calculations
of YSZ ~Refs. 2 and 3! have reported that the NNN sites
the vacancy are favored for Y. Recent neutron diffract
experiments report4 that at low x there are vacancies a
ranged in pairs on the NN anion sites in the@111# fluorite
direction, with the cation site between them occupied by
sixfold-coordinated Zr. Electrostatic considerations sugg
that vacancies should repel. From this point of view,
divacancy configuration alonĝ111& would be favored over
those alonĝ 100& or ^110&. Because of the small size o
Zr41, the electrostatic arguments place ZrO2 on the border
between the eightfold-coordinated fluorite and sixfo
coordinated structures.5 The presence of the larger Y, whic
possesses the longer Y-O bond compared to the Zr-O b
appears to shift this balance in favor of sevenfold and sixf
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coordination for Zr resulting in the localm- and
brookite-type3 coordination environments, respectively.

In doped ZrO2, no microscopic mechanism for the pha
transitions has been proposed up to now. In pure ZrO2 a
zone-boundary soft phononX2

2 , which breaks thec symme-
try of the O sublattice, displacing anions toward their po
tions in thet phase, might be responsible for thec→t trans-
formation. The displacements of O atoms lead to half of
Zr-O bonds becoming stronger and the other half wea
compared with the bonds in an idealc phase. By calculating
thec/a unit cell deformation and atomic displacements of
in the t phase Jansen6 showed that thec structure is unstable
against the internal O displacements along thez direction.
The height of this instability barrier depends strongly on t
volume. The previous calculations of theX2

2-phonon fre-
quency within the harmonic approximation7,8 yield an imagi-
nary frequency of 5.2–5.5 THz. This simply indicates th
thec-ZrO2 is unstable at low temperatures. At high tempe
tures the effects of anharmonicity might stabilize thec phase.
In YSZ, the experimental data9 are not fully clarified for this
soft mode because of the static disorder in the O sublatt
Thus, a theoretical investigation of this vibration mo
would be useful. We believe that allowance for anharmon
ity can give a criterion to the microscopic mechanism
stability. The frozen-phonon method and self-consistent p
non approximation were used to calculate the phonon
quency and its temperature dependence, respectively.

Model. To relax the positions of atoms in th
(962y)-atom YSZ supercells (y51,2,3) the plane-wave
pseudopotential-based free energy molecular dynam
technique10 is used. That allows (ZrO2)1002x(Y2O3)x to be
modeled between 3 and 10 mol % Y2O3. In the 95-atom cell,
which corresponds tox53.2 mol %, the effect of starting the
static optimization with O in thet geometry reduces the tota
energy by;1 eV/cell relative to the samec configuration
relaxed. The vacancy strongly prefers Y in NN sites befo
relaxation but, after relaxation, a configuration with two
NNN shows the lowest energy. The 94- and 93-atom c
©2002 The American Physical Society05-1



n
th

d-

-
y
a
el
es
n
on

l O
d
Z

he

on
di
e
i

a

a

-

r

s

et-
.
ed
ct
ral
n
de-
he
t of

de-
t at-

nt
lcu-
m-

l.

e

-

ra-

ise.
ile

in

ob-

n-

s
ons

r
wo

e

-

ba-

e

BRIEF REPORTS PHYSICAL REVIEW B66, 132105 ~2002!
model 6.7 and 10.4 mol % YSZ. In the lowest-energy co
figuration of the divacancy cell, the vacancies are along
fluorite @111# direction and separated by the sixfol
coordinated Zr.

Figure 1, in panel~a!, shows the difference in energy be
tween the most stablec and t configurations. The energ
difference is given in Kelvin per cation to relate it an equiv
lent temperature change. In the mono- and divacancy c
the t configurations are more stable while, for trivacanci
the c configuration is marginally more stable. Experime
tally, the same change in stability is observed. Electr
energy-loss near-edge structure~ELNES! of YSZ has been
measured11 demonstrating the features of the experimenta
K-edge shapes which depend on the crystal structures an
Y2O3 composition. Using the relaxed configurations of YS
the agreement between experiment and theory has been
proved significantly3 compared to that using the pure ZrO2
structures.12 Hence, our theoretical modeling can reflect t
realities of relaxation.

Within the frozen-phonon method, the effective phon
potential is the difference in energy between perfect and
torted lattices for various amplitudes of atomic displac
ments made according to the symmetry of the phonon. F
ure 1, in panel ~b!, displays the effective potentialU,
calculated as a function of the Ot displacements,r /a, along
thez axis. The relative temperature units used give an ide
the temperature changes. In the trivacancy YSZ cell,U has a
single minimum atr 50. With decreasing the Y2O3 content,
U develops two minima; i.e., its form becomes similar to th
of theX2

2 phonon in ZrO2. In pure ZrO2, the energy differ-
encyDEc-t50.046 eV/ZrO2 is in a good agreement with ex
perimental value13 of 0.057 eV/ZrO2 derived from enthalpy
differences at corresponding phase transition temperatu
In fact, the depth and position of theU(r /a) minimum for
pure ZrO2 are in very good agreement with previou

FIG. 1. Difference in the relaxed energy between thet and c
configurations of YSZ is shown in panel~a!. In panel~b!, a decay of
the double-well potentialU with Y2O3 doping is shown as the
change in energy plotted vs thet displacements of the O sublattic
for each concentration of Y2O3. The U ’s were shifted to the com-
mon zero energy atr 50.
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calculations.6,8 The small differences between these theor
ical results are due to using different equilibrium volumes

The modified pseudoharmonic approximation, develop
to calculate the low-frequency anharmonic defe
dynamics,14 has been applied recently to study the structu
instabilities of Zr.15,16 In the one-phonon inelastic neutro
scattering spectrum, the position and width of the peak
termine the phonon frequency and lifetime, respectively. T
corresponding intensity is calculated as the imaginary par
the one-phonon Green’s function17 gq(v,T)5(1/

p)G(vq ,T)/$@v2ṽq(T)#21G2(vq ,T)%, where ṽq(T) is
the renormalized frequency andG(vq ,T) appears due to
scattering. At high temperatures the phonon linewidth
pends weakly on the attenuation. The defect-dependen
tenuation G(v,E)5Axv(E)(Ax50.1, 0.15, 0.2, 0.25) is
used for eachy50,1,2,3 concentration of Y2O3. Thus, the
coefficientAx increases linearly with increasing the dopa
concentration while its values were obtained using the ca
lated results of well-defined harmonic modes of YSZ co
pared to available experimental data.9 To calculate v,
U(r /a) was approximated by an eighth-degree polynomia16

The variableE, introduced with the equilibrium distribution
function r(E)5exp(2E/T)/T, shows the characteristic tim
of variation,tE;1/G@1/vq , which allows calculation of the
frequency for eachE within the pseudoharmonic approxima
tion.

The resultscan be summarized as follows: at all tempe
tures, one can find~i! the basic~b! vibrations localized near
minima of U, with the frequenciesvb close to the principal
frequencyv0 @mv0

25]2U(r )/]r 2ur 5r min
#, and ~ii ! the ex-

cited ~e! overbarrier vibrations withve.v0/2. With increas-
ing temperature, the portion of theb vibrations, cb51
2exp(2Ec /T) (Ec is the local-transition energy!, diminishes
while ce512cb increases and, hence, new harmonics ar
The b peak moves towards the low-frequency range wh
the e peak shows the opposite trend. These findings are
qualitative agreement with previous numerical results.18 In
pure ZrO2, the calculatedve of ;10 THz is a reasonable
value when compared to the acoustic-phonon branches
served at this point of the Brillouin zone.9 At room tempera-
ture, thegq(v) of pure ZrO2 plotted in panel~a! of Fig. 2
shows theb peak only. With increasing temperature, the i
tensity of theb peak falls and the cubic-likee vibrations
become dominant atT53000 K. Figure 2, in panel~b!,
shows the evolution ofgq(v) with increasing Y2O3 at T
51000 K. In c-ZrO2, the b vibrations are dominant at thi
intermediate temperature whereas both types of vibrati
may coexist in YSZ at low concentrations of Y2O3. Figure
1~b! shows thatU of c-ZrO2 has minima with a high barrie
between them giving rise to distinct frequencies for the t
modes, as seen in Fig. 2~a!. As seen in Fig. 2~b!, introducing
three vacancies into the cell gives a single minimum inU
leading to only ab mode whose frequency is lower than th
vb of c-ZrO2. In the mono- and divacancy cases, theU
barriers lower so that thee andb modes merge into an un
resolved low-frequency structure.

Since the arbitrary parameterG is used to calculategq ,
it would be desirable to consider the displacement pro
5-2
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bility density ~DPD!,19 which is free from G:

P(r )5p20.5 *dE r(E) Ab(E) e2[ r 2r 0(E)] 2 b(E), where b
5(mv2)/(2kBE) andr 0 is ^r & at E. In the case of a single
well harmonic potential atr 50, Pr 50(T) decreases gradu
ally with increasing temperature. Consequently, an incre
of the zero-coordinate DPD can indicate the stabilizat
process for the high-symmetry phase.

Figure 3, in panel~a!, shows the DPD’s of YSZ at room
temperature. In pure ZrO2 and the monovacancy cell, there
a peak associated with theb mode. This may illustrate the
room-temperature instability of thec configuration. TheT
dependence of the DPD’s atr 50 is shown in panel~b! of
Fig. 3. At r 50 in the di- and trivacancy YSZ cells, th
log10P vs log10T plots are almost linearly decreasing. In pu
ZrO2 and the monovacancy cell, log10P initially rises and
then, with increasing temperature, the linearly decreasing
havior appears again. In ZrO2, the linearly decreasing behav
ior starts at;2500 K i.e., close to thet-c transition tempera-
ture observed, whereas, in the monovacancy case,
linearly decreasing behavior starts around room tempera
The upper boundary of the singlet-phase field in the experi

FIG. 2. Spectrum of the soft phonon mode in purec-ZrO2 at
different temperatures, plotted in panel~a!, and its changes in YSZ
with yttria doping, which are shown in panel~b! for 1000 K.
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mental phase diagram shows a similar rapid drop of temp
ture with Y2O3 concentration, suggesting that the onset
the linear decrease of log10P with log10T marks the limit of
the stability of thet phase.20

According to our present knowledge, it is not possible
give a more detailed explanation whether a change in
slope of the DPD’s can quantify the stabilization proce
Any appropriate integral function might be calculated. Sin
the t-c transition temperature, estimated from the maximu
point of Pr 50(T), correlates with the experimental finding
of YSZ, we suggest to use this DPD integral function as
quantitative criterion of stability. It would be worthwhile t
apply this guess to other zicronia containing materials.

In summary, the calculated DPD features of YSZ are
very good agreement with experiment, suggesting that
zero-coordinate DPD,Pr 50(T), can be used as a criterion o
stability. This report might be considered as a first attemp
get some insight into whether thet- andc-phases can coexis
in YSZ.

The authors wish to thank Mike Finnis, Ali Alavi, an
Tony Paxton for stimulating discussions.

FIG. 3. The displacement probability densitiesP(T,r ): the
room-temperatureP’s ranging between 0 and 10 mol % Y2O3,
which are plotted in panel~a!, and the zero-coordinateP’s, shown
in panel~b!.
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