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X-ray-absorption studies of zirconia polymorphs. III. Static distortion and thermal distortion
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Static and dynamic Debye-Wailer factors for the Zr(Y)-0 shell and the Zr(Y)-Zr(Y) shell have been
determined for four zirconia polymorphs from 10 K to room temperature. The apparent Einstein fre-
quencies for cation-0 vibrations and the Debye frequencies for cation-cation vibrations have also been
obtained from the analysis. The higher phase stability and the stabilizing effect of Y dopants are mani-
fest in the higher apparent vibrational frequencies. For tetragonal zirconia these frequencies correlate
well with Raman data, and for cubic zirconia the Y-0 frequency coincides with the unique Raman fre-
quency for fiuorite-structure oxides. Similar bonding in monoclinic and cubic zirconia yields similar vi-
brational frequencies, while a larger bond distance generally leads to a lower frequency. Comparison of
the Debye-Wailer factors obtained from extended x-ray-absorption fine structure and from neutron
diffraction has also revealed the different extent of atom-atom correlation in atomic thermal motion for
different bonding.

I. INTRODUCTION

The amplitude observed in an extended x-ray-
absorption fine structure (EXAFS) spectrum is damped
due to disorder in the scattering shell. This sensitivity to
disorder can be used to obtain information which may
not be available from other techniques. The disorder
effects in EXAFS can be described in terms of a Debye-
Waller factor (o ), which is the mean-square deviation in
the average distance between absorbing atom and scatter-
ing atom. Both thermal distortions (o.„;b) caused by
thermal vibration and static distortions (cr„„)due to
structural variation or chemical differences within a shell
contribute to the observed o. . These two contributions
can be separated with the aid of appropriate models if the
full temperature dependence of the EXAFS amplitude is
known. '

Thermal distortion is related to the local, projected
density of vibrational modes. It is thus reasonable to use
o.„b to determine an apparent vibrational frequency. The
vibrational frequency determined in this way is an aver-
age value of all relevant vibrational modes. It can be
used as a qualitative measure of bond strength for closely
related systems. The static distortion provides informa-
tion about the deviation of the local configurations from
their mean (which quite often corresponds to the ideal
crystalline counterparts). In addition, as we demonstrate
in this work, a careful comparison of the Debye-Wailer
factors in EXAFS and diffraction can lead to information
on the atom-atom correlation in atomic motion.

In the preceding papers (referred to as I and II hereaf-
ter), ' we have used x-ray-absorption spectroscopy to
determine the local Zr structure in four zirconia
polymorphs (monoclinic, orthorhombic, tetragonal, and
cubic zirconia). In addition, the local structure of the Y
solute has also been determined. Valuable knowledge of

the characteristic local structures of Y and Zr, the type
and distortion of their oxygen polyhedra, and the local
and longer-range cation network configurations have
been obtained from such a study. In the present work,
we have measured the temperature dependence of the Zr
and Y EXAFS. The data are analyzed using simple vi-
brational models and compared with Raman spectra and
diffraction data in order to gain further structural insight
into the static and thermal stability of various zirconia
polymorphs.

II. EXPERIMENTAL PROCEDURE

A. Materials

Pure monoclinic (m-ZrOz) and orthorhombic (o-Zr02)
zirconia, 3 mo1% Y203-stabilized tetragonal zirconia
(t-ZrOz), and 20 mo1% Y203-stabilized cubic zirconia
(c-ZrOz) were investigated in this study. These materials
are identical to the ones reported in I. Powders of
yt tria-stabilized tetragonal and cubic zirconia were
prepared by a coprecipitation method and calcined at
1300'C for 4 h, usually sufhcient to fully form a Y203-
Zr02 solid solution. The undoped monoclinic zirconia
powder was synthesized following a similar procedure
but calcined at 1200 'C. The orthorhombic zirconia
powder was prepared at 600 C and 6 G-Pa before quench-
ing to ambient condition. ' Phase identification and
characteristic x-ray-diffraction (XRD) patterns of these
four zirconia powders have been described elsewhere
(Fig. 3 in I).

B. X-ray-absorption measurements

X-ray-absorption spectroscopy (XAS) measurements
were performed at the Zr K edge for I-Zr02 and o-Zr02,

0163-1829/93/48(14)/10082(8)/$06. 00 48 10 082 1993 The American Physical Society



48 X-RAY-ABSORPTION STUDIES OF. . . . III. 10 083

and at both the Zr K edge and the Y E edge for t-Zr02
and c-Zr02. The temperatures used were 10, 100, 200,
and 300 K. All of the data were collected in transmission
mode on Beamline 7-3 at the Stanford Synchrotron Radi-
ation Laboratory. Energy selection was accomplished by
using a double-crystal monochromator with Si(220) crys-
tals. The calibration was determined by assigning the
highest inAection point of the Zr K edge in rn-Zr02 as
17 998 eV and of the Y K edge in Y203 as 17038 eV.
These procedures are the same as those in I and II.

The EXAFS data analysis also followed the same pro-
cedures described in I and II using theoretical amplitude
and phase-shift functions calculated from the FEFF pro-
gram. Since Zr and Y have very similar scattering
behavior and atomic mass, it is appropriate to treat the
next-nearest neighbor (NNN) as Zr in all cases. The
Debye-Wailer factor (as a fitting parameter) of each shell
thus obtained is written as the sum of two contributions:

2 — 2 ~ 2stat+ ~vib

The former is temperature independent and corresponds
to the dispersion of bond lengths without vibration. The
latter is due to thermal vibration and is thus related to
the vibrational spectrum. Appropriate models are then
used to separate these contributions.

C. Vibration analysis

There are two approximations for describing the vibra-
tional contributions. ' For the first shell data in an ox-
ide, the cation-oxygen vibration can be approximately re-
garded as the optical mode of the phonon spectrum. In
this case, an Einstein model is appropriate because the vi-
brational frequency of the diatomic optical mode is typi-
cally high and relatively wavelength independent. For
the second shell data, the cation-cation vibrations (Zr-Zr
or Y-Zr) involved are clearly not optical modes. Since
longer-wavelength acoustic modes of the cation network
are probably more important in this case, we have adopt-
ed the Debye model with a distribution of vibrational fre-
quencies to analyze the second-shell data.

The vibrational contribution, based on an Einstein
model, can be written as

the Einstein vibrational frequency and the static distor-
tion. Likewise, from Eqs. (1) and (3), the Debye frequen-
cy and the static distortion can be obtained for the
cation-cation shell.

III. RESULTS

A. Temperature dependence of the EXAFS spectra

The Fourier transforms (FT's) of the Zr EXAFS for
the four polymorphs obtained at different temperatures
are shown in Figs. 1 —4. The characteristic spectra of the
different zirconia phases described in I are observed here
at all temperatures. The characteristic features of each
polymorph, in terms of the peak positions and shapes,
remain unchanged throughout the temperature range,
implying that no phase transformation occurred during
cooling down to 10 K, even though some of the phases
(o-ZrOz and t-Zr02) were only metastable. The main
effect of the temperature is on the amplitude. The ampli-
tude decreases slightly from 10 to 100 K and more
dramatically above 100 K. The decrease is relatively
more drastic for the outer shells than for the inner shells.
At room temperature, the outer peaks have diminished so
much that they are no longer detectable in most cases.

One of our previous observations was the unusual
strength of the second peak in the tetragonal phase at 10
K. This is evident in Fig. 3 where the height of the
second peak at 10 K is much higher than that of the oth-
er three phases (Figs. 1, 2, and 4) at the same tempera-
ture. (Note the difference in scale for Figs. 1 —4.) At
higher temperatures, this contrast is not evident. At 300
K, all of the second peaks have a peak height of approxi-
mately 20, with the exception of cubic phase.

EXAFS spectra at the Y K edge for t-Zr02 and c-Zr02
were also obtained at these temperatures. Their corre-
sponding FT's are given in Figs. 5 and 6. As for the Zr
data, the amplitude decreases with increasing tempera-
ture and the decrease is more pronounced above 100 K.
Also note the very high amplitude of the second peak in
t-Zr02 at 10 K which drops to a more modest value at
300 K. These features are all similar to those found for
Zr, and as with Zr, the outer peaks are nearly unresolv-
able at room temperature.

h hv
(2)

For a Debye model, it is

3k T f'~&~k&

8m Mhv
1 1+ xdx—1 2

(3)

In the above, p is the reduced mass of the cation-oxygen
pair, M is the cation mass, T is the temperature, k is
Boltzmann's constant, and h is Planck's constant. The
frequency v is the so-called Einstein frequency for the op-
tical mode in Eq. (2) or the Debye frequency, which is the
maximum vibrational frequency of the acoustic mode in
Eq. (3). Both equations give nonzero o„;b values at 0 K,
corresponding to zero-point motion. Combining Eqs. (1)
and (2), we can fit the cation-oxygen data to determine
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FIG. 1. Temperature dependence of Fourier transform of Zr
EXAFS for m-ZrO2.
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Thus only one set of displacement and dispersion values
for oxygen can be deduced from diffraction. This is obvi-
ously incomplete in view of our results.

The Y-0 bonding has also been investigated, and the
results are shown in Fig. 7 and Table I. The Y-0 bond-
ing in t-Zr02 is again eightfold, but has a smaller static
dispersion (0.0032 A ) than the Zr-O„shell at the same
bond length. This suggests that the Y-0 bond is more or-
dered and probably stronger than the Zr-O» bond. In cu-
bic zirconia, the eightfold-coordinated Y-0 shell has a

0

larger static dispersion (0.0062 A ) than the sevenfold
Zr-0 shell (0.0045 A ), probably because of the size misfit
of Y (oversized).
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FICx. 6. Temperature dependence of Fourier transform of Y
EXAFS for Y-stabilized c-ZrO2.

2. Cation-cation shells

As described in I, the NNN Zr-Zr scattering in
m-Zr02 and 0-Zr02 arises from multiple subshells. Only
the values for the erst subshell are listed in Table I.
These values are probably highly correlated to the other
subshells and are not discussed further.

Comparing t-Zr02 and c-ZrO2, we And that the static
0

dispersion of the Zr-centered cation network (0.0081 A )

is larger than that of the Y-centered cation network
(0.0057 A ) in cubic zirconia, and both are much larger
than the static distortions (0.0023 and 0.0027 A, respec-
tively) in tetragonal zirconia. In I and II, the large dis-
tortion of the Zr cation has been attributed to a noncen-
trosymmetric displacement of cation along the (111)
direction and thought to be responsible for the apparent
contraction of Gaussian distance between Zr and cation.
We now see that much of this distortion is static in na-
ture.

I
l
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I

C. Thermal distortion
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FIG. 7. Comparison of Debye-Wailer factor between experi-
mental data (points) and calculated results (lines) for cation-
oxygen shell in the four zirconia polymorphs.
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FICx. 8. Comparison of Debye-Wailer factor between experi-
mental data (points) and calculated results (lines) for cation-
cation shell in the four zirconia polymorphs.

I. Cation-oxygen shells

The frequencies listed in Table I for the cation-oxygen
shells are deduced from the Einstein model. The quality
of the fit using these frequencies is quite good, as can be
seen from Fig. 7. Similar mean vibrational frequencies
are obtained for the Zr-0 shell in m-Zr02 (410 cm ') and
c-ZrOz (406 cm '). Since similar bond lengths and coor-
dination numbers are also obtained, it seems quite certain
that the bonding in both phases is similar. In cubic zir-
conia, the oversized Y dopant adopts eightfold coordina-
tion. Despite a longer bond distance, the Y-0 shell nev-
ertheless has a higher frequency (461 cm ') than the
'7.r-O shell. Indeed, this frequency is the highest one of
all the cation-oxygen bonds in Table I and probably
means the strongest bond. In contrast, the Zr-O shell in
o-Zr02 has a lower frequency (350 cm ') despite the
same bond length and coordination number as m-Zr02
and c-ZrO2. A weaker bond in this metastable phase is
thus implied.

The tetragonal phase is also metastable at low tempera-
tures. The fitting results in Table I show a much lower
vibrational frequency for the outer Zr-0&& bond (266
cm ') than for the inner Zr-O, bond (389 cm '). Evi-
dently, the outer four oxygen ions are much more weakly
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v (cm ')'BondingComposition

TABLE I. Static distortion and vibration frequency of cation-oxygen and cation-cation shells.

Phase R (A)

Pure Zr02

Pure ZrOz

20 mol %%uo Yp03-Zr02

3 mol %%uo Y203-Zr02

Zr-o
Zr-Zr

Zr-0
Zr-Zr

Zr-0
Y-0

Zr-cation
Y-cation

Zr-0
Zr-O, q

Y-0
Zr-cation
Y-cation

2.16
3.46
4.01
4.55
2.17
3.47
3.78
3.93
2.15
2.33
3.55
3.62
2.10
2.33
2.33
3.62
3.62

7.0
7.0
4.0
1.0
7.0
6.0
4.0
2.0
7.0
8.0

12.0
12.0
4.0
4.0
8.0

12.0
12.0

0.0070
0.0021

0.0031
0.0035

0.0045
0.0062
0.0081
0.0057
0.0005
0.0049
0.0032
0.0023
0.0027

410
219

350
210

406
461
205
192
389
266
318
175
182

'Einstein model used for cation-oxygen shells and Debye model used for cation-cation shells.

2. Cation-cation shells

The frequencies listed in Table I for the cation-cation
shells are deduced from the Debye model. A comparison
of the calculated curves and the experimental data is
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FIG. 9. Temperature dependence of the Fourier transforms
for the Zr-0 shell in t-Zr02.

bound. Comparing the Zr-O, with the Zr-0 in m-Zr02
and c-ZrOz, we find the former to have a slightly lower
vibrational frequency despite its slightly shorter bond
length.

The oversized Y dopant has eightfold coordination in
an apparently single-shell arrangement in both t-Zr02
and c-Zr02. Despite this similarity, however, the Y-0
bond in t-Zr02 has a significantly lower vibrational fre-
quency. This provides another indication of the impor-
tance of phase stability in considering bond strength.

shown in Fig. 8. Except for t-Zr02, the vibrational fre-
quencies for all of the cation-cation bonds are similar in
magnitude. These frequencies are lower than the Ein-
stein frequencies of the cation-oxygen diatomic vibra-
tions, pointing to a weaker cation-cation vs cation-oxygen
interaction. The frequencies are the lowest for the tetrag-
onal structure. This is responsible for the more rapid de-
crease in the second peak amplitude for t-ZrOz (Figs. 3
and 5).

IV. DISCUSSIQN

A. Modes of bond distortion in Auorite-related structures

There is a large difference in the static and thermal dis-
tortion of the Zr-O, and Zr-0» subshells in t-Zr02 (Table
I). The observation of two frequencies shows that the
Zr-0& and Zr-0» interactions are different even though
0, and 0» are crystallographically equivalent in this
space group. The local environment of the oxygen may
be represented by a distorted tetrahedron, as shown in
Fig. 10, with four Zr ions at the corners at two sets of
bond distances, Zr-0I and Zr-0». The fact that o.„„for
Zr-0& is much smaller than that for Zr-0» indicates that
one of the main modes of static distortion is along the
[+1+10]direction. This can be seen from Fig. 10 which
shows that the [+1+10]displacement of the oxygen atom
is perpendicular to two of the Zr-0 bonds and is at 35'
from the other two Zr-0 bonds. Thus, if the first two
Zr-0 bonds are Zr-O, and the second two are Zr-0», this
displacement will give a small o.„„for Zr-0, but a large
cr„„for Zr-0». In other words, it stretches and bends
the Zr-0» bonds, but only bends the Zr-O, bonds.

A qualitative assignment of the vibrational modes re-
sponsible for the observed o„-b can now be made by corn-
parison with the Raman spectra. Tetragonal zirconia has
six well-defined Raman modes which have been categor-
ized into the following groups"

(1) 639 and 609 cm '. Zr-O~ stretching.
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UOz). ' This mode also belongs to group (2). The other
frequencies (Zr-0 and cation-cation) for c-Zr02 do not
seem to reAect the fluorite structure, but are similar to
those found in m-Zr02 which, like c-Zr02, is made of
Zr07 polyhedra and is thermodynamically stable.

B. Phase stability and alloying eft'ect

FICx. 10. Oxygen distortion along [+1+10] direction in
t-Zr02

(2) 465 and 321 cm ': coupling of Ot/Ott-Zr-Ot/Ott
bending and Zr-Oi/0» stretching.

(3) 259 cm ': mainly Zr-Ott stretching.
(4) 147 cm '. Ot-Zr-Ot and Zr-Ot-Zr bending.
Obviously, the high frequencies of group (1) do not

contribute to our data. This implies that these modes are
not thermally excited at 300 K. It is also evident that
group (3) corresponds to thermal distortion of Zr-0» (266
cm ). The primary vibrational distortion for Zr-0„
which has an apparent Einstein frequency of 389 cm ', is
probably a mixture of group (2) vibrations. Referring to
Fig. 10, this means that while Zr-0& is not stretched but
mostly bent, the displacement nevertheless couples some
Zr-0» stretching and bending.

Analysis of the Zr-cation distortion is more complicat-
ed since they cannot be purely acoustic modes; they in-
volve only the cation network, as assumed in the Debye
model. They necessarily contain contributions from
Zr-0-Zr and even 0-Zr-0 distortion, and thus have some
characteristics of an optical mode. If an Einstein model
is used to estimate a vibrational frequency, we obtain a
lower value of 134 cm ', compared to 175 cm ' found
with the Debye model. These two frequencies bracket
the group (4) vibration and suggest that Zr-O, -Zr and
O,-Zr-Oi are mainly involved in Zr-Zr vibration.

The less distorted Y-0 polyhedron has an environment
midway between Zr-O, and Zr-0». We propose that its
principal distortion, seen at an apparent frequency of 318
cm ' in the EXAFS, involves contributions from both
groups (2) and (3). The Y-cation distortion again corre-
sponds to group (4), but is slightly stiffer than the Zr-
cation distortion because of phase-stability considera-
tions. (See next subsection. )

Turning to c-Zr02, we recall that the local environ-
ment of the Zr in c-Zr02 is not Auoritelike; its Zr-0 coor-
dination is sevenfold, and its cation lattice is highly dis-
torted because of the difficulty in arranging Zr07 polyhe-
dra into fcc packing. ' However, Y-0 is eightfold coor-
dinated and the local cation network around Y is prob-
ably Quoritelike. This picture finds support in the fre-
quency of Y-0 distortion at 461 cm, which is close to
the unique Raman mode, 466 cm ', for T2 symmetry of
M02 oxides with iluorite structures (Ce02, ThOz, and

C. Comparison with Debye-&aller factors
from diAraction studies

For a diatomic compound AB, the EXAFS Debye-
Waller factor (o za) is fundamentally different from the
diffraction Debye-Wailer factor (u~ or ua). The former
refers to the mean-square relative displacements along the
direction (R~a) between absorbing (A) and backscatter-
ing (B) atom, whereas the latter refers to the mean-square
absolute displacement of an individual atom (A or B)
around its equilibrium position. Their relationship can
be written as'

~~a &(R~a'u~) &+&(R~a ua) &

—2&(R&a u~)(Rwa ua)& . (4)

The last term is a correlation term which vanishes if the

Comparison of the static and thermal distortions of the
cation-oxygen and cation-cation shells for different
polymorphs and cations reveals a systematic trend which
may be attributed to phase stability and the alloying
effect of Y. In general, we expect a less stable phase to
have a larger distortion and the Y dopant to have a local
stabilizing effect. Among the phases we studied, t-Zr02 is
least stable, followed by 0-Zr02. m-Zr02 and c-ZrOz are
stable phases. A higher frequency is then associated
with phase stability or, locally, with a stabilizing dopant.

Our data show that the frequencies of the Zr-0 and
Zr-Zr distortions in m-Zr02 are higher than those in
o-ZrOz, despite their structural similarity. This is in ac-
cord with their relative phase stability. Similarly, the fre-
quencies of the Zr-cation and Y-cation distortions in the
c-Zr02 are higher than those in t-ZrOz, despite their simi-
lar 12-fold coordination. This can also be rationalized by
their relative phase stability. A further example is given
by the Y-0 frequency, which is higher in c-Zr02 and
lower in t-Zr02, despite the fact that the Y-0 bond
lengths and coordination numbers are the same in both
phases. This is again consistent with the relative phase
stability. As an example of the stabilizing effect of a
dopant, we note that t-Zr02 has a higher frequency for
Y-cation distortions than for Zr-cation distortions and
that the Y-0 distortion has a much higher frequency
than Zr-0» distortions, despite the similar bond length.
The slightly lower frequency for Y-cation distortion com-
pared to Zr-cation distortion in the cubic phase is some-
what surprising. This may mean that the Zr-cation net-
work in c-Zr02 is locally closer to that in m-ZrOz, in
view of their similar Zr07 polyhedra, so that its Debye
frequency is also closer to the latter. In contrast, the Y-
cation environment is more Auoritelike and thus its fre-
quency is closer to that in tetragonal zirconia.
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TABLE II. Comparison of Debye-Wailer factor (10 ' A ) between EXAFS and neutron difFraction.

EXAFS'
Composition Phase Zr-0 Zr-cation

DifFraction
Composition Phase Oxygen Cation Ref.

(Zr, Y)O& 97$

{Zr,Y)01.834

'Present study.

4.8 (O,)

12.8 (0»)
8.5

6.4

10.9

(Zr, Y)O& 968

(Zr, Y)o, „
12.4

20.0

8.2

15.2

14

15

absorbing atom (A) and the scattering atom (B) move in-
dependently. If A and B move as a rigid body, the last
term is negative and will substantially reduce the magni-
tude of 0.„~.

The available diffraction data' ' were mostly obtained
at room temperature and have not been decomposed into
static and thermal contributions. Thus only the total
Debye-Wailer factors at room temperature are compared.
These values are summarized in Table II.

First, we compare the Zr-cation distortion, i.e., A =Zr
and B=Zr or Y. If we assume that Zr and Y both dis-
tort in a random manner, then the projection for
((R„~ u„) ), is u ~ l3 and likewise for B, and the corre-
lation term vanishes. Since diffraction techniques cannot
distinguish Zr from Y, we let u~ =uz. Thus the EXAFS
Debye-Wailer factor is predicted to be about —', of the
diffraction Debye-Wailer factor. This is in agreement
with the data shown in Table II for both the tetragonal
and cubic phases. The cation distortion is thus mostly
uncorr elated.

We next consider Zr-0 distortion. The Zr-O, distor-
tion in t-Zr02 is highly correlated, as seen by the small
value of oz,o compared to uz, and uo (Table II). In

I
contrast, o.z,o is much larger and comparable to uo.»
This is possible, for example, if the Zr distortion is nearly
random with respect to the Zr-0» bond direction, but the
0» distortion is primarily along the Zr-0» bond direc-
tion, giving

((Rz,o uz, ) ) =uz, /3,

(«zoo uo)')=&o

and

((Rzro 'uzr)(Rzro, 'uo) ) =0 .

Other possibilities that can similarly explain the above
data also exist. (Note that the random, uncorrelated
Zr-Zr distortion (u z,) already destroys the crystallo-
graphic equivalency of 0, and 0» locally. Yet diffraction
methods still cannot distinguish 0& and 0&&.) Comparison
of the magnitude of o.z,o with u z, and u 0 in the cubic
phase indicates intermediate correlation of the cation-0
distortion. It is interesting to note that the Zr-O bond
length in c-Zr02 is also halfway between those for Zr-0&
and Zr-O» in t-ZrOz.

In summary, the cation-cation distortion is mostly un-
correlated, while the cation-anion distortion is largely

correlated, especially for shorter bonds. This is reason-
able considering the lack of direct bonding between cat-
ions and the bond-strength —bond-length correspondence
for cation-anion bonding.

V. CONCLUSIONS

(1) Static distortions and vibrational frequencies for the
cation-oxygen and the first cation-cation shell in zirconia
polymorphs have been quantitatively determined. Inter-
atomic distance, coordination number, and phase stabili-
ty are found to have an important inhuence on the ob-
served distortions.

(2) Tetragonal zirconia has two types of Zr-0 bonding.
Although 0, and 0» are crystallographically equivalent
in an undistorted lattice, they have essentially different
static bond dispersion, vibrational frequency, and corre-
lated motion relative to Zr. The inner oxygen atoms have
a smaller distortion, a higher frequency, and a stronger
correlation.

(3) The sevenfold Zr-0 polyhedra in cubic and mono-
clinic zirconia have the same vibrational frequency be-
cause of similar bonding despite the large difference in
crystal symmetry and chemical composition. The vibra-
tional frequency of the eightfold Y-0 polyhedron in cubic
zirconia is the highest among cation-0 bonds in these
materials and coincides with the characteristic Raman
frequency for prototypical fluorite-type oxides (Ce02,
Th02, and UOz). Similarly bonded Y-0 in tetragonal zir-
conia has a much lower frequency because of phase insta-
bility.

(4) The Zr-cation network in tetragonal zirconia has
the softest vibrational frequency among all of the
polymorphs, reAecting phase instability. Also, compared
to (stable) monoclinic zirconia, (metastable) orthorhom-
bic zirconia has lower frequencies for Zr-0 and Zr-Zr
distortions despite the structural similarity between these
polymorphs.
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