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Local atomic structures of Zr and dopant cations in zirconia 
solid solutions with Fe,03, Ga203, Y203, and Gd203 .have 
been determined. The Zr ions in both partially stabilized 
tetragonal and fully stabilized cubic zirconia have their own 
characteristic structures which are dopant-independent. 
The dopant cations substitute for Zr ions despite severe 
local distortions necessitated by the large difference in 
dopant4  distance and Zr-0 distance. Dopant ionic size 
determines the preferred locations of oxygen vacancies. 
Vacancies introduced by oversized dopants (Y and Gd) are 
located as nearest neighbors to Zr atoms, leaving 8-fold oxy- 
gen coordination to dopant cations. Undersized dopants (Fe 
and Ga) compete with Zr ions for the oxygen vacancies in 
zirconia, resulting in 6-fold oxygen coordination and a large 
disturbance to the surrounding next nearest neighbors. 
Since oxygen vacancies associated with Zr can provide sta- 
bility for tetragonal and cubic zirconia, these results suggest 
an explanation for the observation that oversized trivalent 
dopants are more effective than undersized trivalent dop- 
ants in stabilizing cubic and tetragonal phases. 

I. Introduction 

ARTIALLY stabilized tetragonal and fully stabilized cubic P zirconia are important engineering ceramics with numerous 
applications. A variety of cation dopants are known to serve as 
stabilizers, which prevent the undesirable transformation of 
these materials during cooling to low temperatures. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI-' Although 
there has been considerable research on alloy development and 
the mechanical and electrical characteristics of zirconia, the 
atomistic origins of phase stabilization remain unclear. Using 
X-ray absorption spectroscopy (XAS) techniques, we have 
obtained local structures around Zr ions in four zirconia poly- 
morphs.6 The configuration of oxygen vacancies and the static 
and thermal distortion of bonding in these polymorphs have 
also been elucidated.',* The present paper and the following two 
corroborate the previous studies and further describe the local 
structures of the dopant cations. Our intent is to derive from 
these structural studies a better understanding of the stabiliza- 
tion process of zirconia. 

Aliovalent cation dopants are generally believed to substitute 
for Zr ion in the cation network, creating oxygen vacancies for 
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charge compensation. It has been suggested that this process is 
directly responsible for the stability of doped ZrO,. The stabili- 
zation process in this case is rationalized by a crystal chemistry 
model: which postulates that the dopant cations tend to form 
8-fold coordination with oxygen, leaving oxygen vacancies to 
the Zr ions. Since the strongly covalent nature of the Zr-0 bond 
favors 7-fold Zr coordination, the high-temperature poly- 
morphs are stabilized when the average Zr coordination number 
is reduced, by doping, to a sufficiently low value, typically 
around 7.5, at the' tetragonaVcubic phase boundary. In this 
model, stabilization rests on the availability of oxygen vacan- 
cies and the size misfit associated with doping. Cations which 
stabilize the high-temperature polymorphs typically have a 
larger ionic size, a lower charge state, and a higher ionicity, 
than Zr. 

Although there is some experimental support for the above 
rnode1,4."." several aspects remain unexplained. First, the stabi- 
lization effect of undersized dopants (such as Fe3+, Ga", and 
A13+), which are not likely to be 8-fold coordinated, cannot be 
understood using this model. Second, the stabilization effect of 
tetravalent cations, both oversized ones (such as Ce4+ and 
'I%'+) and undersized ones (such as Ge4+ and Ti4+), which do 
not introduce oxygen vacancies, cannot be understood either. 
Third, the model does not address the issue of stabilization of 
the tetragonal phase, which typically has a very low dopant con- 
centration, and thus very few oxygen vacancies. 

In principle, some of the above issues can be resolved if the 
local structures around Zr and dopant cations are known for all 
of the polymorphs. Most structural investigations of zirconia, 
however, have utilized diffraction techniques which often can- 
not distinguish between dopant and host cations, especially 
when the dopant concentration is low or when its atomic num- 
ber is close to that of Zr (e.g., Y). In such cases, these studies 
have employed models which treat host and dopant cations as 
randomly distributed, with identical distortions from their refer- 
ence lattice Not surprisingly, such studies have not 
been able to provide much insight into the problems of interest 
here. X-ray absorption spectroscopy, including extended X-ray 
absorption fine structure (EXAFS) spectroscopy and X-ray near 
edge structure (XANES) spectroscopy, on the other hand, is a 
local probe that is element specific and sensitive to dopants of 
rather low concentrations. Previous XAS studies on zirconia 
systems have shown, for example, that the Zr-0 bond lengths 
are significantly different from the dopant4  bond lengths.'G2s 
These studies, however, were mostly focused on fully stabilized 
cubic zirconia, with oversized dopant cations (Y, Gd, and other 
rare-earth elements). In the present work, a systematic XAS 
study has been undertaken for both fully stabilized cubic and 
partially stabilized tetragonal zirconia. Undersized and over- 
sized dopants, of a valence state from 3 + to 5 +, have been 
investigated. The results using trivalent dopants (Gd3 + , Y3 + , 
Fe' + , and Ga3 + , ranked in the order of decreasing ionic size) are 
reported in this paper. 
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11. Experimental Procedure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMaterials 
Ultrafine powders are required for successful X-ray absorp- 

tion studies. In this study, single-phase (tetragonal and cubic) 
powders with compositions of 3 and 10 mol% M,O, (M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Gd, 
Y, Fe, and Ga) dopants were synthesized by the following 
method. The metal oxide was used as a dopant source for Y(II1) 
and Gd(II1); the nitrates were used for Fe(II1) and Ga(II1). A 
solution was first prepared by dissolving dopant oxides in hot 
dilute HNO, (or using a dopant nitrate solution) and mixing this 
solution with an appropriate volume of ZrOC1, solution. Dilute 
NH,OH was then added slowly, with H,O, and sugar as dispers- 
ing agents, to effect coprecipitation without agglomeration. The 
mixtures were slowly dried at 200°C and calcined at 650°C for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 h, which was usually sufficient to fully form zirconia solid 
solutions. Higher calcination temperatures were sometimes 
attempted after it was first verified that phase-pure powders 
could still be obtained after such heat treatment. The samples 
are designated as 3Fe06 or 3Y 13, and so on, with the first set of 
numbers indicating the dopant concentration (in mol%) and the 
second set of numbers indicating the calcination temperature (in 
100°C). A summary of the composition, calcination tempera- 
ture, and phase identification for the samples used in this study 
is given in Table I. 

Attempts for phase identification were first made by X-ray 
diffraction (XRD). Only samples which appeared to contain a 
single monoclinic, tetragonal or cubic phase according to XRD 
were used in the subsequent XAS studies. However, when the 
particle size is too small, as in the case after low-temperature 
calcination at 650" to 850°C, it is difficult to distinguish the 
tetragonal form from the cubic one, or to measure lattice con- 
stants because of severe peak broadening. The existence of the 
cubic phase was ruled out in some cases when the powder, after 
high-temperature calcination ( 1 300°C), transformed to the 
monoclinic phase. (The cubic phase is not expected to trans- 
form after high-temperature calcination.) Pure ZrO,, Gd,O,, 
Y,O,, Fe,O,, and Ga,O, were used directly as model com- 
pounds in the XAS studies. For later reference, the crystallo- 
graphic data of these model compounds are listed in Table 11. 

(2) X-ray Absorption Measurements 
X-ray absorption measurements at the Zr-, Y-, Fe- and Ga-K 

edges were made on a Beamline X10-C, and at the Gd-L,,, edge 
on an X9-A, at the National Synchrotron Light Source (NSLS) 
at Brookhaven National Laboratory under normal operating 
conditions (2.5 GeV, 100-200 mA). Energy selection was 
accomplished by using a double-crystal monochromator with 
Si(333) crystals (for Zr and Y) or Si( 1 11) crystals (for Gd, Ga, 
and Fe). A Ti filter was used as a high pass filter for the Zr- and 
Y-K edge measurements to remove the fundamental (ca. 6 keV) 
and pass the first harmonic (ca. 18 keV) of the beam. In the 
measurements of Gd, Ga, and Fe edges, detuning of 50% inci- 

dent beam above the absorption edges was used to reduce the 
harmonic content of the beam. At X9-A, there was a harmonic 
rejection mirror and the monochromator was run fully tuned. 

Spectra for Fe in 3-mol%-Fe2O,-doped zirconia were mea- 
sured in the fluorescence mode using a large solid-angle ion 
chamber as a fluorescence detector. All other measurements 
were made in the transmission mode, using an ion chamber 
filled with Ar for the Zr and Y edges, and N, for the other edges. 
Energy calibration was accomplished by placing two ion cham- 
bers behind the sample. A calibration standard (the oxide of the 
appropriate cation) was placed between them, thus allowing the 
absorption spectrum of the standard to be recorded at the same 
time as the sample spectrum. The calibration was defined by 
assigning the maximum inflection point of absorption edges of 
the standards as follows: ZrO, (17 998 eV), Fe,O, (71 12 eV), 
Ga,O, (10367 eV), Y,O, (17 038 eV), and Gd,O, (7243 eV).26 
All spectra were measured at room temperature. 

Powder samples of doped ZrO, were diluted with boron 
nitride powder so that the total X-ray absorbance was 63% 
above each absorption edge. They were then pressed into an 
aluminum sample cell (2 mm thick X 3 mm high X 25 mm 
wide) with X-ray transparent windows. About 12 mg of powder 
was used for Zr-K edge, 5 mg for Gd-L,,, edge, 40 mg for Y-K 
edge, and 12 mg for Ga-K edge transmission measurements. 
About 200 mg of powder was used for Fe-K edge fluorescence 
samples. 

(3) Data Analysis 

EXAFS 
The EXAFS spectra were analyzed using the standard 

where F,(k) is the backscattering amplitude from each of the N, 
neighboring atoms of the jth type at distance R, with a mean- 
square relative displacement a:, and +,(k) is the total phase 
shift experienced by the photoelectron which includes contribu- 
tions from both the scatterer and absorber. The factor 
exp( - 2R,/A), where A is the photoelectron mean free path, is 
used here to account for inelastic scattering. The photoelectron 
wave vector is related to the photon energy, E, by 

k = &r2m(E - E,)/h2 

where m is electron mass and h is Planck's constant. Threshold 
energy values (at k = O), E,, were assigned as 18 015 eV for the 
Zr-K edge, 7130 eV for the Fe-K edge, 10385 eV for the Ga-K 
edge, 17055 eV for the Y-K edge, and 7260 eV for the Gd-L,,, 
edge. Qualitative comparisons of data can also be made by 
refemng to the Fourier transform (FT) of the EXAFS data into 
the real space, giving a pseudoradial distribution function 
around the absorbing atom. However, since the EXAFS phase 
shift function is carried over by the Fourier transformation, the 

Table I. Phase Identification of the Zirconia Samples with Trivalent Dopants 
Powder Calcination Phase 

Sample composition temp ("C) identification 
Lattice ~ 

constants zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A) 

100% zro, 1300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArn a = 5.148, b = 5.200,~ = 5.322, P = 99.2" Zfi, 

3Ga08 3 mol% Ga,O, 850 t 
3Ga13 3 mol% Ga,O, 1300 rn + P-Ga,O, a=5.150,b=5.198,~=5.325,P=99.2"  
1 OGa07 10 mol% Ga,O, 700 I t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc(?) + P-Ga,O, 

3Fe13 3 mol% Fe,O, 1300 rn t a-Fe,O, a = 5.149,h = 5.196,~ = 5.323, P = 99.2" 
3Fe06 3 mol% Fe,O, 650 t 

1 OFe06 10 mol% Fe,O, 650 t + c(?) t a-Fe,O, 

3Y13 3 mol% Y,O, 1300 t 
10Y13 10 mol% Y,O, 1300 C 

a = 5.1060,~ = 5.1808 
a = 5.1486 

3Gd13 3 mol% Gd,O, 1300 t a = 5.1079,~ = 5.1903 
10Gd13 10 mol% Gd,O, 1300 C a = 5.1603 
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Table 11. Crystallographic Data of Model Compounds zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~~ 

Compound Structure Cation-oxygen bond lengths (A) Ref. 

Ga203 Monoclinic (p) 1.80 X 1, 1.83 X 2, 1.85 X 1, 1.95 X 3,2.02 X 1, 36 
2.08 X 2, average = 1.93 X 5 

Fe20, Rhombohedra1 (a) 1.945 X 3,2.116 X 3,average = 2.03 X 6 35 

y 2 0 3  C-type 2.243 X 6,2.268 X 2,2.288 X 2,2.337 X 2, 
average = 2.28 X 6 

32 

Gd203 C-type Average = 2.34 X 6 Present study* 

zfl2 Monoclinic (p) 2.051 X 1,2.057 X 1,2.151 X 1,2.163 X 1,2.189 X 1, 31 
2.222 X 1.2.285 X 1.avera~e = 2.16 X 7 

*a = 10.826A. 

Fourier transform peaks are shifted by ca. 0.5 A to lower 
distance. 

When the scattering environment in the unknown is similar 
to that in a model compound, the amplitude and phase functions 
( F ( k )  exp( - 2R/X) and + ( k ) )  can be determined empirically. 
The unknown is then fitted using a nonlinear least-squares algo- 
rithm to determine the bond distance ( R ) ,  coordination number 
(CN, or N in Eq. (l)), and the relative bond length dispersion or 
Debye-Waller factor ( A d )  with reference to the model com- 
pound. (All 5ts utilized l? weighted data over the k range from 
-3 to -13 A-I.) This approach was used for all of the cation- 
oxygen shells, with the parent cation oxide as the model com- 
pound. For the dopant-cation shell, however, the environment is 
dominated by dopant-Zr scattering, which cannot be simulated 
by any reference model compound. Hence, data from the dop- 
ant-cation shells were analyzed by using a theoretical model, in 
which amplitude and phase shift functions of dopant-Zr scatter- 
ing were calculated usiQg the FEFF program (version 3.0)29 
with a distance of 3.620 A (the Zr-Zr distance in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt-ZrO,). Quan- 
titative information on R ,  CN, and the absolute bond dispersion 
u2 can then be obtained. (Fourier filtered window values for 
each shell of interest are shown in Tables zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111-V.) 

It should be noted that since CN and u2 are highly correlated, 
the absolute CN value obtained from fitting is not particularly 
reliable, having an accuracy of about 2O%.*' In our data-fitting 
process, CN and bond dispersion were allowed to float first to 
obtain rough values; then the CN was fixed at a reasonable 

value to obtain the comparable uz or A d  values. A large 
Debye-Waller factor may arise either because of structural dis- 
tortion upon the introduction of a dopant or because of chemical 
disorder due to the different scattering factors of the host and 
dopant. These effects are difficult to differentiate in the analysis 
except in some special cases noted later. On the other hand, the 
bond distance is highly accurate and can always be used for 
quantitative comparison. 

For analysis of the XANES region, the spectra were normal- 
ized as follows.3o First, a single three-order polynomial was 
subtracted from the data and the result was then multiplied by a 
scale factor. The polynomial coefficients and the scale factor 
were chosen so as to minimize, in a least-squares sense, the 
deviations between the data and tabulated X-ray absorption 
coefficients both below and well above the edge. 

Since XANES probes more directly the density of unoccu- 
pied electronic states, it can be exploited, as a complementary 
technique to EXAFS, to throw light on many stereochemical 
features of the coordination polyhedron around the probe atom. 
These include in the best case bonding configuration, ligand- 
field symmetry and valency state. XANES theory, however, is 
more demanding than EXAFS because the potential must be 
treated to all orders, and it is not yet sufficiently well-developed 
to allow routine fitting of the experimental data to quantify 
structural or electronic information on the compounds. Thus, 
only qualitative interpretation based on some currently 
accepted empirical notions is attempted for the XANES data. 

Table 111. Fitting Results of Zr EXAFS for Zirconia with Trivalent Dopants 

Sample Phase Bonding AR,, , (A)  R ( A )  CN* A U ~  or u2 (2)+ 

3Fe13 M + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa* Zr-0 1.0-2.2 2.15 7.0 0.0021 
Zr-Zr 2.54.0 3.46 7.0 0.0055 

3.99 4.0 0.0135 
4.50 1.0 

3Fe06 t Zr-0, 1.61.9 2.10 4.0 - 0.0048 
Zr-cation 2.7-3.8 3.62 12.0 0.0102 

3Ga13 rn + p3 Zr-0 1.0-2.2 2.15 7.0 0.0048 
Zr-Zr 2.54.0 3.46 7.0 0.0055 

4.00 4.0 0.01 28 
4.54 1.0 

3Ga08 f Zr-0, 1.G1.9 2.10 4.0 - 0.0035 
Zr-cation 2.6-3.8 3.62 12.0 0.0086 

Zr-cation 2.6-3.8 3.62 12.0 0.0076 

10Y13 c Zr-0 1.0-2.0 2.15 7.0 -0.0018 
Zr-cation 2.5-3.6 3.58 12.0 0.0108 

3Gd13 t Zr-0, 1.0-1.9 2.11 4.0 - 0.0043 
Zr-cation 2.6-3.8 3.63 12.0 0.0086 

10Gd13 c Zr-0 1.0-1.9 2.15 7.0 - 0.0013 
Zr-cation 2.5-3.6 3.60 12.0 0.0149 

3Y13 t Zr-0, 1.0-2.0 2.11 4.0 - 0.003 1 

*Fixed at shown values during fitting. ' A d :  relative 21-0 length dispersion with reference to 0 .01 .  for m-ZrO,. u': absolute 
Zr-cation distance dispersion. *a-Fe,O,. 'P-Ga,O,. 
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Table IV. Dopant-0 Bonding in Zirconia with 

Trivalent Dopants and in Parent Oxides zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~ ~~ 

Sample* Phase M 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAR8,c(A) R ( A )  CN' A u ' ( 2 ) '  

PureGd,O, C-type Gd-O 1.3-2.1 2.34 6.0 0.00 
3Gd13 t Gd-O 1.3-2.3 2.38 8.0 0.0032 
1OGd13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc Gd-O 1.3-2.3 2.38 8.0 0.0037 

Pure Y,O, C-type Y-O 1.0-2.2 2.28 6.0 0.00 
3Y13 t Y-O 1.0-2.2 2.33 8.0 0.0023 
10Y13 C Y-O 1.0-2.2 2.33 8.0 0.0032 

PureFe,O, cx-Fe,O, Fe-O 1.1-1.8 2.03 6.0 0.00 

3Fe13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm + cx Fe-O 1.1-1.8 2.03 6.0 -0.0012 

PureGa,O, P-GaO, Ga-O 1.1-1.8 1.93 5.0 0.00 
3Ga08 t Ga-O 1.1-1.8 1.95 6.0 -0.0010 
3Ga13 m + B Ga-O 1.1-1.8 1.94 5.0 -0.0021 

3Fe06 t Fe-0 1.1-1.8 2.01 6.0 -0.0022 

*Crystallographic data of pure oxides (see Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11) used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas models. 'Fixed at shown 
values during fitting. 'Relative cat ion4 length dispersion with reference to the parent 
oxide. 

Table V. EXAFS Results of Dopant-Cation Shell in 
Gd-/Y-Dowd Zirconia 

Sample Phase Cation+ation AR,,, (A) R (A) CN* u2 (A') 
3Gd13 t Gd-cation 2.7-3.7 3.62 12.0 0.0081 
10Gd13 c Gd-cation 2.7-3.7 3.62 12.0 0.0086 
3Y13 t Y-cation 2.7-3.8 3.62 12.0 0.0069 
10Y13 c Y-cation 2.7-3.7 3.62 12.0 0.0074 
*Fixed during fitting. 

111. Results 

(1) X-ray Diffraction 
The results of phase identification and lattice parameters are 

given in Table I. All of the XRD patterns of the low-tempera- 
ture (650" to 850°C) calcined powders show a similar set of 
broadened peaks but no evidence for the monoclinic phase. 
Three representative patterns are shown in Fig. 1. Although 
their lattice parameters were not determined, these powders 
were calcined again at higher temperatures in order to sharpen 
the peaks by crystallite coarsening, which facilitated their phase 
identification and lattice constant determination. 

The lattice parameters of stabilized cubic zirconia are larger 
for Gd" than for Y3+ as expected based on the size of these 
oversized dopant cations. For a given concentration of Gd and 
Y ,  the c/a ratio of the tetragonal unit cell is independent of the 
dopant type. These results are consistent with previous stud- 
i e ~ ? ~  Powders of 3-mol%-Fe,03- and -Ga,O,-stabilized tetrag- 
onal zirconia calcined at 1300°C showed sharp peaks of 
monoclinic reflections with lattice parameters (u, h, c, and p) 
which are almost dopant-independent and similar to those of 
pure monoclinic zirconia (Table I). Later, by XAS, we also 
identified the presence of the dopant oxides, Fe,O, and Ga,O,, 
respectively, in these powders. Thus, although Fe and Ga sol- 
utes can be retained in the tetragonal zirconia at lower calcina- 
tion temperatures, the solubility of these undersized dopants 
must have been exceeded during high-temperature calcination, 
causing Fe,O, and Ga203 to separate from the tetragonal phase, 
even though there was no evidence for Fe,O, and Ga,O, in 
the XRD. Lastly, we found the 10-mol%-Fe,O,- and 
-Ga,O,-stabilized zirconia powders, calcined at 650" and 
700"C, respectively, already showed a trace of Fe,O, and Ga,O, 
by XRD. 

Inspection of these results reveals the following trend regard- 
ing the dependence of zirconia stability on dopant size. Under- 
sized dopants have lower solubility (<3 mol%) in zirconia and 
their supersaturated tetragonal solid solutions can be main- 
tained only at relatively low calcination temperatures. No sin- 
gle-phase cubic zirconia was obtained with these dopants. In 

contrast, zirconia solid solutions with oversized dopants are 
very stable and both cubic and tetragonal forms can be readily 
obtained. This seems reasonable since Fe,O, and Ga,O, belong 
to structural types much different from the fluorite type adopted 
by zirconia, whereas Y,O, and Gd,O, have structures very simi- 
lar to fluorite. 

(2) X-ray Absorption Spectra at the Zr-K Edge 
Representative Zr EXAFS data and their corresponding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFT 

for pure zirconia and stabilized zirconia are shown in Figs. 2 
and 3. We have previously shown that the characteristic fea- 
tures of the zirconia EXAFS and FT are phase-dependent but 
dopant-independent in terms of bond length and coordination 
number:,' The spectra in Figs. 2 and 3 have the same features 
and are very similar to those reported in Refs. 6 and 7. These 
characteristic spectra allow unambiguous phase identification 
in single-phase materials. This is important when the crystallite 
sizes are so small that severe peak broadening occurs in XRD, 
as in the cases of 3Fe06 and 3Ga08. 

The first peak in the R corresponds to the nearest neighbors 
(NN) of Zr, i.e., a Zr-0 shell in these structures. The second 
peak in the FT corresponds to the next nearest neighbors 
(NNN), i.e., a Zr-cation shell where the cations can be either Zr 
or the dopant. Quantitative curve fitting was performed inde- 
pendently on Fourier-filtered first- and second-shell data. The 
results are given in Table 111. 

All otthe tetragonal samples have Zr-0 bond lengths of 2.10 
to 2.1 1 A with a coordinatiop number of around 4 and a Zr-cat- 
ion distance of 3.62 to 3.63 A with a coordination number of 12. 
For cybic zirconia samples, the Zr-0 bond length increases to 
2.15 A with 7-fold coordination and tbe Zr-cation bond length 
decreases to between 3.58 and 3.60 A with 12-fold coordina- 
tion. A similar structure is found for Fe- and Ga-dope4 mono- 
clinic zirconia, with a Zr-0 bond length of ca. 2.15 A and a 
coordination number of -7. The doped monoclinic zirconia has 

3 mol% Gaz03-ZrOz 
(Tetragonal) 

3 mol% Yz03-ZrOz 
(Tetragonal) 

1 10 mol% Gdz03-ZrOz 
/I (Cubic) 
1 1  

28 (degree) 

Fig. 1. 
calcined at 850°C. 

X-ray diffraction patterns for three zirconia solid solutions 
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2 4 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 10 12 

k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(k ' )  
Fig. 2. k3  weighted EXAFS spectra at Zr-K edge for pure and doped 
zirconia. Phases indicated in parentheses. 

a complicated Zr-cation shell, which is similar to that in pure 
m-Zr02.6 These structural parameters are phase-dependent and 
dopant-independent, confirming again that a set of characteris- 
tic structures exists for each of zirconia phases. Note that the 
Zr-O shell in the tetragonal structures has a surprisingly low 
coordination number. As we have shown previously using low- 
temperature measurements, the Zr-0 shell in tetragonal zirco- 
nia is split into two subshells and the room-temperature Zr-0 
data in Table I11 correspond to the inner subshell The 
absence of a distinct outer subshell is mainly due to the larger 
disorder of these longer and looser Zr-0 bonds at room temper- 
ature. (A shorter k range was used in the present study which 
has also reduced the resolution somewhat.) 

Further information on Zr-0 and Zr-cation bonding is con- 
tained in the Debye-Waller factor A d  (relative bond dispersion 
with reference to the model compound) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu2 (absolute bond 
dispersion). All of the tetragonal and cubic phases have a nega- 
tive Ao2 for the Zr-0 shell. This indicates that the dispersion of 
the four inner Zr-0 bonds in tetragonal zirconia and the seven 
Zr-O bonds in cubic zirconia is smaller than that of the seven 
Zr-O bonds in rn-ZrO,, used as the model compound. This is 
not surprising in view of the large bond length dispersion in 
rn-ZrO, (Table 11). For the Zr-cation shell, the u' values gener- 
ally increase as the size difference between Zr and the dopant 
cation increases and as the dopant concentration increases. This 
correlation suggests that the size mismatch between the host 
and dopant cations determines the distortion of the Zr network. 

The Zr-K edge XANES spectra for the three polymorphs are 
shown in Figs. 4(a-c). They are characteristic of these poly- 
morphs in that different dopant solid solutions give essentially 
the same spectrum as long as they are of the same phase. This 
confirms again that the local atomic and electronic structures of 
Zr in zirconia polymorphs are phase-dependent but dopant- 
independent. 

(3) X-ray Absorption Spectra of Dopants 
( A )  Gd-L,,, Edge Measurements: The EXAFS spectra at 

the Gd-L,,, edge for Gd-stabilized tetragonal and cubic zirconia 
and for pure Gd,O, are shown in Fig. 5(a). The spectra for 
tetragonal and cubic zirconia are very similar but different from 
that for Gd,O,. The corresponding FTs shown in Fig. 5(b) have 
a broad Gd-O shell as the first peak with a low amplitude for the 
tetragonal and cubic zirconia structures compared to the slightly 

I I Zr-Zr 

20 c (b) Zr-cation 

t f 

20 I i 

0 1 2 3 4 5 6 7  

R + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa (A) 
Fig.?. Fourier transforms of Zr EXAFS in Fig. 2 (k = 3.2- 
12.0 A -- I ) .  

stronger and sharper first peak for pure Gd,O,. The second 
peak, corresponding to the Gd-cation shell, is shorter for zirco- 
nia relative to Gd,O,. 

Quantitative analysis of the Gd-O shell utilized the ampli- 
tude and phase functions obtained from th? Gd-0 shell in 
Gd,O,. The average distance of Gd-O (2.34 A) was calculated 
from the measured lattice parameter of Gd,O, assuming an 
ideal C-type structure (Table 11). This value and an oxygen 
coordination number of 6 were used to define the amplitude and 
phase functions. The curve-fitting parameters for Gd-doped zir- 
coniaoare given in Table IV. The same Gd-O bond length of 
2.38 A obtains in both 3-mol%-Gd-doped tetragonal zirconia 
and 10-mol%-Gd-doped cubic zirconia. This is larger than the 
Gd-O distance in Gcl,O,. Since the accuracy of bond distance is 
very good (k0.02 A) in EXAFS data, this increase provides 
direct evidence for a larger ionic radius for Gd3+ in the stabi- 
lized zirconia than in Gd,O,. The increased ionic size is consis- 
tent with an increase in coordination number, which is 
confirmed by the fitting results. The positive A d  values in 
Table IV indicate an increased distortion in the Gd-O shell in 
zirconia compared to C-type Gd,O,. The value is higher for the 
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XANES spectra at Zr-K edge for pure and trivalently doped 

10 mol% Gd,O, sample than for the 3 mol% Gd,O, sample. 
Since the Gd-O structure is apparently similar in both, the 
larger ha2 indicates a greater bond length dispersion, reflecting 
dopant interactions. 

The second peak occurs at shorter distance in Gd-stabilized 
zirconia than in Gd,O,. Theoretical amplitude and phase func- 

2 4 6 8 10 12 

k (A-1) 

tions for Gd-Zr were calculated using a distance of 3.620 to 
fit the Gd-cation peak in both tetragonal and cubic zirconia, and 
the results are giyen in Table V. The Gd-cation distance in both 
zirconia is 3.62 A, with a coordination number of 12. These val- 
ues are almost the same as those for the Zr-cation shell in the 
corresponding samples, suggesting that Gd substitutes for Zr in 
the host cation network. Again, the Debye-Waller factor 
increases when the concentration of Gd,O, increases from 3 to 
10 mol%. This may be due either to a greater structural distor- 
tion or, alternatively, to chemical disorder as a result of mixing 
different amplitude and phase functions of Gd and Zr scatterers. 
However, both the absolute magnitude of these disorders and 
the rate of increase with dopant concentration are smaller than 
those at the Zr edge. 

The XANES spectra at the Gd-L,,, edge for pure Gd,O,, 
Gd-stabilized tetragonal zirconia, and cubic zirconia are shown 
in Fig. 6(a). All three spectra show a strong white line. The 
spectra for tetragonal and cubic zirconia are nearly identical but 
different from that for pure Gd,O,. The stronger, narrower peak 
for Gd in zirconia suggests a less covalent environment; this is 
consistent with the increased bond length and coordination 
number. 

Overall, the local structure of Gd3' in both tetragonal and 
cubic zirconia closely resembles that of the host Zr ion, and is 
significantly different from that of Gd in Gd,O,. Very little dis- 
tinction can be made between Gd spectra for Gd-doped tetrago- 
nal and cubic zirconia, other than a tendency for a higher 
Debye-Waller factor in the latter which has a higher dopant 
concentration. 

(B)  Y-K Edge Measurements: The EXAFS data and the 
corresponding FTs at the Y-K edge of Y-stabilized tetragonal 
and cubic zirconia and pure Y,O, are shown in Figs. 7(a) and 
(b). As at the Gd-L,,, edge, the Y EXAFS spectra and the FTs 
for tetragonal and cubic zirconia are very similar, but are differ- 
ent from those for Y,O,. Only two distinct peaks, attributable to 
Y-0 and Y-cation scattering, respectively, are seen in the FTs 
for tetragonal and cubic zirconia. This is in contrast to the case 
of Y,O,, which has not only a Y-0 first shell but also two Y-Y 
subshells. The third peak in Fig. 7(b) may be attributed to the 
outer Y-Y subshell plus some outer Y-0 based on the crystal- 
lographic data for Y,O, (Ref. 32). The Y-cation distance in sta- 
bilized zirconia is larger than the inner Y-Y subshell but 
smaller than the outer Y-Y subshell in Y,O,. 

Quantitative structural information for the Y-0  shell was 
obtained by curve fitting using amplitude and phase functions 
derived from pure Y20,. The results are given in Table IV. The 
Y-O boad distance for both 3 and 10 mol% Y,O,-ZrO, samples 
is 2.33 A, 0.05 A longer than that in Y,O,. As with Gd, this 
increase is probably due to an increase in Y-0 coordination 
number in Y-doped zirconia (CN = 8) relative to Y,O, (CN = 
6). Again, positive Ao2 values were obtained for the Y-0 shell 
in both the tetragonal and cubic zirconia structures, indicating 
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Fig. 5. (s) k' weighted EXAFS spectra at Gd-L,,, edge for Gd-doped zirconia and pure Gd,O,. (b) Fourier transforms of Gd data in (a) ( k  = 
2.0- 12.5 A-I). 
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Fig. 7. (a) k3 weighted EXAFS spectra at Y-Kedge for Y-doped zirconia and pure Y,O,. (b) Fourier transforms of Y data in (a) ( k  = 3.2-1 1.8 A-  I ) .  

increased bond dispersions relative to Y,O,. All of these obser- 
vations are similar to those for Gd doping. 

The second shell (Y-cation) was fitted using the theoretical 
amplitvde and phase functions for Y-Zr,pith a distance of 
3.620 A. As before, the bond length (3.62 A) and coordination 
number ( 1  2)  for both samples are identical to those for the Zr- 
cation shell in the zirconia matrix, but different from those for 
Y-Y in Y,O,. This again suggests that Y substitutes for Zr in 
the host Zr-Zr network in stabilized zirconia. As with Gd dop- 
ing, a slight increase in dispersion for the second shell is seen 
for the higher Y concentration sample. Since chemical disorder 
is not significant in view of the nearly identical scattering func- 
tion of Y and Zr, the increase in Debye-Waller factor must be 
caused by an increase in distortion of Y-centered cation net- 
work. Comparing Y and Gd doping, we note that the Debye- 
Waller factor is smaller for Y- than Gd-doped samples. This is 
consistent with their respective size misfit relative to Zr. 

The Y near-edge data, shown in Fig. 6(b), are similar for 
tetragonal and cubic zirconia but different from that for Y,O,. 
As with Gd, the main peak is stronger and narrower for the 
doped samples than for the pure oxide. As in the case of Gd 
doping, both the EXAFS and XANES data suggest that the 
local structure of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY in tetragonal and cubic zirconia bears more 
similarity to that of Zr in zirconia than that of Y in Y,O,. These 
results support the physical picture of Ho9 for oversized triva- 
lent dopants. Essentially in the stabilized zirconia, the smaller 
Zr find it difficult to assume the %fold coordination which is 
ideal for the fluorite structure, while the oversized stabilizers 
can adopt 8-fold coordination but they must abandon their par- 
ent structures (C-type Y,O, or Gd,O, in 6-fold coordination). 
This applies for both tetragonal and cubic phases, and results in 
an increase in the dopant4  bond distance. Beyond the first 
shell, there is only a small distortion in the dopant-substituted 
Zr network. The distortion increases as the dopant concentra- 
tion increases and as the size misfit increases. 
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Fig. 8. (.a) k 3  weighted EXAFS spectra at Fe-K edge for Fe-doped 
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(C) Fe-K Edge Measurements: Both Fe,O, and mono- 
clinic zirconia were observed in 3-mol%-Fe2O,-doped zirconia 
calcined at 1300"C, while tetragonal zirconia seemed to be 
dominant when calcined at 650°C. The EXAFS data and the 
corresponding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfl at the Fe-K edge for pure Fe,O, and the two 
doped samples are shown in Figs. 8(a) and (b). It is apparent 
that the EXAFS and FT for the high-temperature calcined pow- 
der are very similar to those for pure Fe,O,. This indicates that 
Fe,O, has precipitated from the zirconia matrix at 1 300"C, leav- 
ing unstabilized zirconia which transforms to the monoclinic 
form during cooling. This is not the case for the low-tempera- 
ture calcined powders. Here the Fe has its unique EXAFS and 
R spectra (Figs. 8(a) and (b)), the Zr EXAFS is characteristic 
of the tetragonal local structure (Fig. 2) ,  and the XRD is consist- 
ent with a tetragonal phase. The distinct Fe spectra rule out the 
possibility of significant Fe,O, separation from ZrO, in 3Fe06; 
i.e., a tetragonal solid solution must have formed. 

Quantitative results for the local structures of Fe in 3Fe06 
and 3Fel3 were obtained using Fe,O, as a model. For both sam- 
ples, the Fe-O bond distance is very close to that in Fe,O,. This 
is not surprising for the high-temperature calcined sample 
which appears to contain primarily Fe,O,. However, the simi- 
larity in Fe-0 bond length for 3Fe06 and Fe,O, is quite differ- 
ent from the results for oversized dopants. This suggests that the 
Fe-0 coordination in the stabilized zirconia is similar to that in 
Fe,O,, maintaining 6-fold coordination. Also unexpected is the 
absence of a second-shell peak attributable to Fe-cation scatter- 
ing. This suggests an unusually broad length dispersion of next 
nearest neighbors around the undersized Fe in the fluorite-like 
matrix. 

The Fe XANES spectra for these samples are shown in Fig. 
6(c). The almost identical spectra for pure Fe,O, and 3Fe13 are 
again consistent with Fe being present primarily as Fe,O,. The 
unique spectrum for Fe in 3Fe06, on the other hand, points to a 
difference between the local structures of Fe in doped zirconia 
and its parent oxide. Note that the pre-edge peak for Fe is due to 
a 1s --+ 3d tran~ition.,~ This transition is forbidden by dipole 
selection rules for centrosymmetric complexes, although it is 
always present as a weak transition due to direct electric quad- 
rupole co~pling.'~ The Is --+ 3d transition becomes partially 
dipole-allowed in noncentrosymmetric complexes due to d-p 
orbital mixing. The concomitant increase in 1s + 3d intensity 
can be used to probe the symmetry of the absorber.,' The Is ---f 

3d transitions for Fe in 3Fe06 and 3Fe13 are highlighted in the 
insets of Fig. 9. These were calculated by subtracting an arc- 
tangent function from the XANES data. The normalized area of 
this peak is 15.2 for 3Fe06, 14.4 for 3Fe13, and 16.3 for Fe,O,, 
in units of lo-' eV. These values are consistent with those for 
5-coordinated structures in Fe-containing proteins reported by 
Roe et af.3, Since Fe,O, is known to have an octahedral coordi- 
nation, the same magnitude of the 1s + 3d peak area for the 
other two samples suggests a similar geometry for them. The 
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zirconia and pure Fe,O,. (b) Fourier transforms of Fe data in (a) ( k  = 

fact that the 1s + 3d transition is much sharper for 3Fe06 than 
for 3Fe13 or Fe,O; suggests a smaller spread in Fe 3d orbital 
energies in the former. This implies a distorted, although still 
approximately centrosymmetric, Fe environment in 3Fe06. 

Returning to the main peak, the very different shape in the 
XANES spectra of 3Fe06 compared to 3Fel3 or Fe,O, is most 
likely due to a different arrangement of the Fe-cation network. 
This is consistent with the EXAFS results which suggest that 
the Fe-cation network in 3Fe06, although highly distorted, is 
probably the same as the Zr-Zr network and is fluorite-like. 
This is very different from the Fe-Fe network in Fe,O,. 

(0) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGa-K Edge Measurements: XAS measurements at 
the Ga-K edge were made for pure Ga,O, and for 3-mol%- 
Ga,O,-stablized zirconia calcined at 850" and 1300°C (3Ga08 
and 3Ga13). According to XRD (Table I), 3Ga08 is tetragonal 
zirconia, while 3Ga13 is monoclinic zirconia. The Ga-K edge 
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Fig. 9. X-ray absorption pre-edge structure of Fe for Fe-doped zirco- 
nia and pure Fe,O,. 
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EXAFS data for these samples and the corresponding ITS are 
given in Figs. 10(a) and (b). Comparing the& data, we find that, 
like the Fe case, 3Ga08 has distinctly different EXAFS from 
that of Ga,O,, whereas 3Ga13 and Ga,03 have very similar 
spectra. This, together with the XRD data, demonstrates that at 
1300°C GqO, has separated from the zirconia matrix, causing 
the latter to transform to the monoclinic phase during cooling. 
As with Fe, no detectable second-shell feature is observed in FT 
for 3Ga08. For more quantitative analysis, the Ga-O shell was 
fitted using amplitude and phase functions calculated from 
Ga,O, as a model compound. The results are shown in Table 111. 
As in the Zr0,-Fe,O, systems, all of the Ga-0 bond lengths in 
the Ga-doped zirconia samples are similar to that in pure Ga,O,. 
This suggests 6-fold G a 4  coordination in both of the doped 
samples. The Ga-O shell is again accompanied by a severe dis- 
tortion of the surroundings which is manifested by the loss of 
the second-shell peak in the IT of 3Ga08. The above picture is 
exactly the same as the one we suggested for the other under- 
sized trivalent dopant, Fe. 

Figure 6(d) shows the XANES data of Ga-K edge in Ga,O, 
and 3Ga08 samples. As with Fe, the 3Ga13 edge is the same as 
that for Ga,O, but the spectra in 3Ga08 and Ga,O, are different. 
This probably reflects the different cation lattice around Ga, 
consistent with the EXAFS results. No 1s -+ 3d transition is 
observed since Ga has a full d shell. 

IV. Discussion 

(1) Dopant Size Effects 
This work has shown a clear dependence of the dopant struc- 

ture on dopant size. Oversized dopants form solid solutions 
adopting the zirconia structure, in terms of both dopant-oxygen 
bond length and dopant-cation distance. The aEparent ionic 
radii for the dopant cations are ca. 0.04 to 0.05 A larger than 
those in the parent oxides. This increaseis much larger than the 
relative uncertainty of ca. 0.01 to 0.02 A of the technique. The 
longer bond lengths imply an increase in Gd and Y coordination 
numbers above the 6-fold coordination found in C-type rare- 
earth oxides. A direct comparison of our ca t ion4 bond lengths 
with Shannon’s values37 would favor 7-fold coordination. 
However, the sizeecoordination correspondence is affected by 
polyhedral distortion, covalency, defect and electronic config- 
urations between cation and anion, and the host matrix. Similar 
distances have been reported !or 8-fold-coordinate! YC) and 
Gd-0, e.g., in YNbO, (2.32 A):* in YTaO, (2.35 and in 
GdAsO, (2.38 A).40 Therefore, we suggest 8-fold coordination 
for Gd and Y in zirconia solid solutions based on the EXAFS 
data of both host and dopant cations. (In Zr0,-YNbO, solid 
solutions, which contain no oxygen vacancies and thus are 
likely to have 8-fold-co9rdinated Y, our EXAFS data also give 
a Y-0 distance of 2.32 A.,’) Eightfold dopant coordination then 

leaves oxygen vacancies next to the Zr cations. The same con- 
clusion has also been reached by comparing the Zr-XANES 
data for Zr0,-Y,03 solid solutions from 3 to 20 mol% Y,O, and 
by comparing the EXAFS distortions of the cation-cation shells 
in the same.7 The fact that Zr-vacancy pairing is energetically 
more favorable than Y-vacancy pairing in Y-doped zirconia 
has been suggested previously by computer simulations.42 

On the other hand, undersized trivalent dopants, which sub- 
stitute randomly for Zr ions and remain in zirconia solid solu- 
tions at least at low temperatures, are in 6-fold coordination and 
thus in competition with Zr ions for the oxygen vacancies. Pre- 
vious studies have found that for cubic zirconia (Y-stabilized), 
the lattice constant decreases with the increasing content of 
undersized dopants (Cf’ or Fe3+)?’+ The electron spin reso- 
nance, optical absorption, and emission spectra for C?’ in Y- 
stabilized cubic zirconia single crystals also point to a solid 
solution with 6-fold-coordinated Cr.45 The 6-fold ca t ion4 
association may be interpreted in terms of a defect model, 
shown in Fig. 11, in which two undersized ions are situated in 
neighboring cells sharing one oxygen vacancy. Inward relax- 
ation of the neighboring oxygen ions in a trigonal distortion 
around the dopant45 and outward relaxation of the two body 
diagonal oxygen ions then leave six oxygen neighbors for each 
dopant cation which itself undergoes some off-centered dis- 
placement toward the vacancy. 

There is additional evidence in the literature that undersized 
dopants favor nearest-neighbor oxygen vacancy association. 
For example, although solubilities of undersized dopants (Fe3 + 

and C 3 + )  are usually very low, they can be increased if free 
oxygen vacancies are introduced by other oversized dopants 
(Y3 +, Sc3 +) in cubic zirconia solid s ~ l u t i o n s . ~ ~ . ~  The energeti- 
cally favorable association of undersized dopants with oxygen 
vacancies provided by other oversized dopants, i.e., a type of 

undersized 
@ Trivalent Dopant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 Oxygen 

Oxygen Vacancy 

Fig. 11. 
tion and local distortion. 

Schematic diagram of vacancy-undersized dopant associa- 
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scavenging effect, is apparently similar to that reported for Sc in 
Ce0,.46 This scavenging is probably also responsible for the 
slightly decreased ionic conductivity of Y-stabilized zirconia 
when Cr7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ and Fe3+ are added."3,44.47 

Taken together, we can summarize the vacancy (V,)-cation 
association using a scheme outlined in Fig. 12. Here, M is the 
trivalent dopant which can be either oversized or undersized. In 
the case of undersized dopant, M-Vo-M association (model I ) 
is appropriate, whereas in the case of oversized dopant, only 
Zr-Vo-Zr association is allowed (model 3). The intermediate 
case where M-Vo-Zr (model 2) is envisioned is also included 
for later reference. Using this scheme, the fraction of Zr having 
ZrO, or ZrO, coordination can be readily ~alculated.~ For the 
same dopant composition, the fraction of ZrO, will be twice as 
large with oversized dopants as it is with undersized dopants. 
The ratio of Zr07/Zr0, is 1 for 11 mol% M,O, with oversized 
dopants but only reaches zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 for 20 mol% M203 with undersized 
dopants. 

Finally, we note the apparently asymmetric response of the 
host cation network, i.e., very large distortion in the case of 
undersized dopants and much smaller distortion in the case of 
oversized dopants. This observation is somewhat surprising in 
that theoretical considerations based on continuum mechanics 
actually predict that the distortion of the second shell should be 
only 3/8 of that of the first shell, and that no asymmetry should 
arise: On the other hand, the asymmetric response could be 
rooted in the asymmetry of the interatomic potential, which is 
much stiffer in compression than in dilatation because of hard- 
core repulsion. Since the MO, polyhedra of the oversized dop- 
ants are in compression, the much stiffer potential that they 
experience results in a relatively small matrix distortion. In con- 
trast, the MO, polyhedra of undersized dopants are in dilatation 
and are capable of causing large distortions in the neighboring 
cation network. As will be described in subsequent publica- 
tions, this asymmetry is a general feature for other dopants of 
different sizes in zirconia solid solutions, and can be more 
quantitatively understood using model calculations employing 
anharmonic interatomic potentials. 

(2) Stabilization Process 
The tetragonal-to-cubic transformation in zirconia solid solu- 

tions involves distortion of the nearest-neighbor Zr-0 shell. 
Since fully stabilized cubic zirconia solid solutions have 7-fold 
Zr-0 coordination, oxygen vacancies associated with Zr ions 
can obviously facilitate the transformation. Stabilization of the 
cubic phase occurs when oversized trivalent dopants are added 
to zirconia in sufficient quantity. The simple model of Hoy gives 
the minimum concentration required for stabilization as 11 
mol% M,O, since at this concentration Zr is as likely to be in 7- 
fold coordination as in 8-fold coordination (i.e., ZrO,/ZrO, = 1 
in model 3 of Fig. 12) if all of the oxygen vacancies are released 
from oversized cation dopants. Our data show that this model is 
applicable to oversized dopants. Our data also suggest that for- 
mation of a cubic phase with under-sized dopants should be 
twice as difficult, since half as many free oxygen vacancies are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 ~ r 4 +  @ Mk 

available for Zr association. This is consistent with our  experi- 
ence that it is difficult to form cubic solid solutions of under- 
sized trivalent dopants. The very severe distortion of the 
undersized dopant-substituted Zr network probably further lim- 
its the solubility of these dopants in tetragonal and cubic 
zirconia. 

The tetragonal-to-monoclinic transformation requires distor- 
tion of both the nearest-neighbor Zr-0 shell and the next- 
nearest-neighbor Zr-Zr shell.' The mere presence of ZrO, does 
not facilitate the transformation; it actually decreases the driv- 
ing force and provides partial stabilization. We have found that 
both undersized and oversized trivalent dopants are capable of 
stabilizing the tetragonal phase against monoclinic distortion. 
Other evidence that undersized trivalent dopants stabilize 
tetragonal zirconia includes DTA measurements of Kiminami4" 
using Fe3+ as a stabilizer. The stability of tetragonal zirconia 
with undersized dopants is apparently lower than that with 
oversized dopants. 

The difference can once again be explained by the different 
fraction of ZrO, available at a given concentration of oversized 
and undersized trivalent dopants. We have shown in a study of 
the temperature dependence of EXAFS' that the similar fcc cat- 
ion network is more stable against thermal distortion in the sta- 
bilized cubic phase than in the tetragonal phase, with the 
principal structural difference being that cubic phase has more 
ZrO, than the tetragonal phase. Since crystallographically a 
decrease of tetragonality is observed with increasing ZrO, con- 
centrations, the loss of tetragonality is thus correlated with 
increasing stability against monoclinic distortion. Indeed, all of 
the oversized trivalent dopants have the same concentration 
dependence in their effect on tetragonality, and all have the 
same tetragonaVrnonoclinic ( t l m )  boundary, whereas under- 
sized trivalent dopants have less effect on tetragonality and 
have a higher t / m  boundary.49 LeEvre' and Sheu et a[.' have 
pointed out that the tetragonality vanishes at a unique composi- 
tion of 10 mol% M,O, for oversized trivalent dopants. This is 
quite close to the composition when ZrO,/ZrO, equals unity (1 1 
mol% M,O,). Inasmuch as undersized trivalent dopants provide 
only half as many ZrO, for the same dopant content, the resul- 
tant stabilization and tetragonality reduction should be only 
about half as large. 

It is conceivable that trivalent dopants which have ionic radii 
comparable to that of Zr will compete with Zr for vacancies. 
We have considered such a model in Fig. 12 (model 2) with 
only one trivalent dopant as nearest-neighbor to the oxygen 
vacancy (M-Vo-Zr). The calculated ZrO,/ZrO, ratio is interme- 
diate between model allowing M-Vo-M association and model 
having Zr-Vo-Zr association only.7 We believe such a case 
actually exists for Sc-doped ZrO,. Sc doping does form cubic 
zirconia and is more effective than Fe and Ga in stabilizing 
tetragonal zirconia. However, for a given dopant concentration, 
the decrease in tetragonality with increasing Sc concentration is 
smaller than that for oversized trivalent dopants, and the stabil- 
ity boundaries between t and c and between t and m phases are 
higher than for oversized  dopant^.^' Indeed, the t / c  boundary 

0 Oxygen Vacancy 

Model 1: M-Vo-M Model 2: M-Vo-Zr Model 3: Zr-V,-Zr 
(rM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc rzr) (rM rzr) (rM > rzr) 

Schematic illustration of three models for cation-oxygen vacancy ( vl) association Fig. 12. 
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predicted from the M-V,-Zr model (14 mol% M,OJ is consist- 
ent with the experimental observation for Sc (13 mol% SC,O~) .~  
This coincidence is understandable in view of its ionic radius, 
0.81 A (with 7-fold coordination based on 5hannon’s table3’), 
which is much larger th!n those of Fe (0.65 A, with 6-fold coor- 
dination) and Ga (0.62 A, with 6-fold coordination) but camp%- 
rable to that of Zr (0.84 A, with 8-fold coordination, or 0.78 A 
with 7-fold coordination). The latter should allow Sc and Zr to 
share oxygen vacancies. 

V. Conclusions 

In our previous studies, we have concluded that, in zirconia 
solid solutions, Zr has its own characteristic local structure 
which is dopant-independent and phase-dependent. This con- 
clusion is reaffirmed here and has been used to identify phases 
in very fine powders. Additional conclusions reached in the 
present work concerning trivalent dopants are as follows: 

They (Gd3+, Y3+,  Fe3+, and Ga”) form solid solution 
with zirconia and have the same cation-cation distance as the 
host matrix. Undersized dopants cause much larger distortion of 
the neighboring cation network than oversized dopants because 
of the asymmetric interatomic potential. 

(2) The local environments of dopants in zirconia solid 
solutions are phase-insensitive. Each dopant has a characteristic 
oxygen polyhedron (MO, for undersized dopants and MO, for 
oversized dopants) with an M-0 bond length very different 
from that of Zr-0. 

Oxygen vacancies are associated with the Zr cations in 
the case of oversized dopants, and with two dopant cations in 
the case of undersized dopants. This different availability of 
oxygen vacancies to Zr is responsible for the different stabiliza- 
tion effects of oversized and undersized trivalent dopants. 

( 1 )  
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