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X-ray absorption spectra at Zr-K, Ce-L,,,, and Ge-K edges 
in Zr0,-CeO, and Zr0,-GeO, solid solutions have been 
measured at 10 K. Both Ce and Ge substitute for Zr in the 
cation network, but CeO, and GeO, polyhedra are main- 
tained around the dopants. The yversized CeO, is com- 
pressed t2 a Ce-0 distance of 2.30 A, which is smaller than 
the 2.35 A seen in fluorite-type CeO,. Meanwhile, the distor- 
tion of the Zr-cation network is increased and the tetrago- 
nalityois reduced. The undersized Ge has a Ge-0 distance of 
1.80 4, which is much shorter than the Zr-0, distance of 
2.10 A. A strong tendency for Ge-Zr ordering in tetragonal 
solid solutions into locally scheelite-like clusters, even 
within the solubility limit, is observed. This results in an 
increase in the tetragonality and a decrease in the distortion 
of the cation network. Despite the opposite effects on tetrag- 
onality, both Ce and Ge doping can stabilize tetragonal zir- 
conia albeit via different mechanisms. The structural origin 
of the cubic phase is also elucidated. 

I. Introduction 

T IS well known that aliovalent dopants, such as Y3+,  Sc'+, I Ca2+, and Mg2+, can stabilize high-temperature polymorphs 
of zirconia. Oxygen vacancies, introduced by these dopants for 
charge compensation, have been shown to play an important 
role in stabilizing the cubic and tetragonal structures. Tetra- 
valent dopants (Si, Ge, Ti, Sn, Ce, Th, and U) do not create 
anion vacancies, yet they still stabilize tetragonal zirconia 
against monoclinic distortion! The origin of this stability is not 
understood and is the subject of this paper. 

Zirconia solid solutions with tetravalent oxides, including 
Zr0,-Ce0,,5,6 ZrO2-Ti0,,7.* and Zr02-Ge02,49 have been stud- 
ied in some detail. Of these, Ce4+ is an oversized dopant and 
Ti4 + and Ge4 + are undersized. Although their tetragonal-to- 
monoclinic transformation temperatures all decrease with 
increasing dopant concentration: the crystallographic varia- 
tions are dependent on dopant sizes. The cla ratio of the tetrago- 
nal form decreases with increasing Ce4' content and a cubic 
phase forms at high Ce  concentration^.'.^ This behavior is simi- 
lar to that observed in trivalent-cation-doped zirconia systems. 
On the other hand, the cla ratio increases with increasing Ti4+ 
and Ge4+ content and these tetragonal solid solutions do not 
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approach the cubic The phase diagrams of these sys- 
tems are also dependent on dopant sizes. The tetragonal solid 
solution region in ZrO,-Ce0,5 is much wider than those in 
Zr0,-MO and Zr0,-M,O, systems." Similar observations hold 
in the Zr0,-UO, and Zr0,-Tho, systems.12 " With undersized 
dopants, a series of AB0,-type ordered compounds is found.4 
These include ZrTiO,, an a-Pb0,-like structure with a fairly 
narrow composition range; ZrGeO,, a scheelite structure with a 
broader composition range; and Zr3Ge0,, also a scheelite-like 
structure with a similarly broad composition range.9 In addition, 
Zr0,-SnO, forms ZrSnO,, which is isomorphic with ZrTiO,, 
and Zr0,-SiO, forms a zircon structure, ZrSiO,., This tendency 
reflects different energetics of the tetragonal solid solution with 
undersized tetravalent cations and could be related to their sta- 
bilization effect. 

Although the crystallography of the ordered structures has 
been well e~tablished, '~. '~ the distribution and local atomic envi- 
ronments of the dopants in the solid solution range are not 
known. From our previous EXAFS studies of trivalent-cation- 
doped zirconia  system^,^ we can reasonably expect that the dop- 
ant distribution may not be random and that the dopant local 
structure may not be the same as the host Zr local structure. 
These aspects may account for the variations in tetragonality 
and stabilization for the different dopant cations and form the 
focus of the present study. Ce4+ and Ge4+ were chosen as dop- 
ants since the former is the most commonly used oversized tet- 
ravalent stabilizer and the latter is the most effective undersized 
tetravalent dopant for stabilizing tetragonal zirconia at room 
temperature. The new data on these cations will be considered 
in conjunction with our previous findings for trivalent cations' 
to address the interconnections among phase stability, tetrago- 
nality, oxygen vacancy, and dopant chemistry. Further intro- 
duction to the background of zirconia stability and a complete 
list of references to the previous EXAFS studies on zirconia 
were given previously.3,'6 

11. Experimental Procedure 

( I )  Materials 
The powder preparation techniques used in our study have 

been described previously.'6 In the present work, ultrafine pow- 
ders of zirconia with 5, 10 and 15 mol% GeO, were synthesized 
by coprecipitation using zirconium oxychloride and germanium 
ethoxide as starting materials, followed by drying at 250°C and 
calcination at 1000°C in air. These samples are designated 
5Ge10, 10Gel0, and 15Ge10, respectively. Similarly, ZrO, 
powders with 11, 16 and 25 mol% CeO, were coprecipitated 
using cerium(III) nitrate as the source of Ce. These powders 
were calcined first at 650°C and then oxidized at 850°C in a 
flowing 0, atmosphere to prevent the formation of Ce3+. They 
are designated 11CeO8,16Ce08, and 25Ce08, respectively. 
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Phase identification and lattice constant measurements were 
made by X-ray diffraction (XRD). The results are summarized 
in Table I. The XRD patterns show typical tetragonal zirconia 
peaks for the 5- and 10-mol%-Ge-doped samples. At 15 mol% 
GeO,, a distorted tetragonal pattern was found with a broadened 
second peak in all of the tetragonal doublets (Fig. 1). According 
to Lefkvre,' this composition contains a mixture of tetragonal 
Zr(Ge)O, solid solution and Zr,GeO,. These phases became 
more fully separated at higher calcination temperatures. Since 
the two phases have essentially identical c-spacing and only 
slightly different a-spacing, a mixture of the two patterns gives 
rise to the broad (200), (220), (131), and (400) reflections and 
the sharp (002), (202), (113), and (004) reflections. This 
explains the XRD patterns observed at 15 mol% GeO,. A small 
amount of monoclinic zirconia was also observed in 15Ge10 
but not in the 5Ge10 and lOGe 10 samples. This probably results 
from transformation of the tetragonal phase due to the larger 
powder particle size in 15Ge10. (Ge, like Si, is likely to pro- 
mote coarsening by forming a glassy phase.) 

Broad XRD peaks were observed for all of the Ce-doped 
samples calcined at 850°C due to their small crystallite sizes. 
The powders, calcined again at 1300°C, are single tetragonal 
phase for 11 and 16 mol% Ce0,-Zr02, while 25 mol% Ce0,- 
ZrO, powder contains a small amount of cubic form (Fig. 2). 
The results are consistent with the current phase diagram.' 
Since the amount of cubic phase was small, we used the mea- 
sured lattice parameters without correction. 

For tetragonal zirconia, both lattice parameters increase but 
the clu ratio decreases with increasing Ce concentration. In 
contrast, c increases and a decreases with increasing Ge con- 
centration, causing the clu ratio to increase. The apparent 
increase in the cla ratio is larger than expected for the 15 mol% 
Ge sample because of the higher clu ratio in Zr,GeO,. In gen- 
eral, our lattice constant results are in good agreement with pre- 
vious studies.' For later reference, the structures of t-ZrO,, 
Zr,GeO,, ZrGeO,, GeO,, and CeO, according to published dif- 
fraction data are given in Table II.'4.'7.'x 

Table I. Lattice Constants of Ce- and Ge-Doped 
Tetraeonal Zirconia 

Composition a (A) C(A) cla 

1 1 mol% CeO, 5.122 5.218 1.01 9 
16 mol% CeO, 5.139 5.231 1.018 

5 mol% GeO, 5.076 5.187 1.022 
25 mol% CeO, 5.169 5.253 1.016 

10 mol% GeO, 5.063 5.188 1.025 
15 mol% GeO, 5.042 5.204 1.032 

20 30 40  5'0 60 70 s o  
26 (degree) 

Fig. 1. X-ray diffraction patterns of 5 ,  10, and 15 mol% Ge0,-ZrO,. 

- 25 mol% Ce0,-Zr02 (1300°C)  

- 
t 

C 

25 mol% Ce0,-ZrO, (850°C)  

28 (degree)  

Fig. 2. X-ray diffraction patterns of 25 mol% Ce0,-ZrO, powders 
calcined at 850" and 1300°C. 

(2) X-ray Absorption Measurements 
X-ray absorption measurements at the Zr-K edge, the Ge-K 

edge, and the Ce-L,,, edge were made on Beamline 7-3 at the 
Stanford Synchrotron Radiation Laboratory (SSRL) under nor- 
mal operating conditions (3.0 GeV, 20 to 50 mA), using a 
Si(220) monochromator. Detuning to 50% of the incident beam 
intensity at -1400 eV above the Zr- and Ge-K absorption 
edges, and -500 eV above the Ce-L,,, edge, was used. The 
absorption spectra for pure monoclinic ZrO,, hexagonal GeO,, 
and fluorite-type CeO, were measured as reference compounds 
and for energy calibration. The maximum inflection points of 
the ZrO,, GeO,, and CeO, edges are assigned as 17 998, 1 1 103, 
and 5724 eV, respectively. All spectra were measured in trans- 
mission mode using ion chambers. The chambers were filled 
with argon gas for Zr-K edge and nitrogen gas for Ge-K and 
Ce-L,,, edges. Samples were held at 10 K using an Oxford CF 
1204 flow He cryostat. There was no detectable phase change 
when the samples were cooled from room temperature to 10 K. 
These procedures are similar to those reported previ~usly?~. '~ 

The spectra were analyzed using a now well-known proce- 
dure. Energy values at k = 0 were assigned as 18 01 5 eV for the 
Zr-K edge, 11 120 eV for the Ge-K edge, and 5740 eV for the 
Ce-L,,, edge. The EXAFS data analysis process was described 
in the preceding In this stud%, Fourier transforms 
(FTs) of Zr EXAFS from k, = 3 to 17 A- '  were back-trans- 
formed fro? R = 1 .O to 2.1 A to obtain the Zr-0 shell and R = 
2.6 to 3.6 A for the Zr-cation shell. These FTs give pseudo- 
radial distribution functions around the absorber cations, albeit 
with their radial distance systematically shifted by a value a, 
which can be determined by data analysis. Curve fitting utilized 
theoretical amplitude and phase shift functions calculated from 
the FEFF program." For Ce and Ge EXAFS, empirical ampli- 
tude and phase functions derived from CeO, and GeO, were 
used to fit the Ce-0 and GeaO shells, with Fourier-filter win- 
dows of I .4-2. I and 0.9-1.7 A, respectively. 

111. Results 

(1) EXAFS Spectra at Zr-K Edge 
EXAFS spectra at the Zr-K edge for Ce- and Ge-doped zirco- 

nia are shown in Fig. 3. All of the samples show the characteris- 
tic tetragonal zirconia spectra as previously described.'.l6 At 
comparable dopant compositions, the spectra for Ce- and 
Ge-doped zirconia are very similar in frequencies and relative 
amplitudes. The overall amplitude, however, decreases with 
dopant concentration, which is a common observation for 
almost all of the solid solutions that we have studied.'., 
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Table 11. Crystallographic Data of Reference Compounds 
Compound Structure Lattice constan!\ (A) Bonding Bond length (A) 

CeO,* Fluorite a = 5.421 8 X Ce-0 2.35 

L‘ = 5.1191 4 X Zr-O,, 2.35 
Zr,Ge0,14 Scheelite-like a = 5.005 4 X Zr-0, 2.19 

4 X Zr-0, 2.04 
4 X Zr-O,, 2.44 

4 X Ge-0.. 2.69 

t-ZrO2.l’ Fluorite-like a = 5.0989 4 X Zr-0, 2.10 

c = 10.452 4 X Zr-0,, 2.22 

4 X Ge-0, 1 .80 
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ZrGeO,“ Scheelite a = 4.866 4 x ir-6,” 2.14 
(, = 10.550 4 X Zr-0,, 2.27 

4 x Ge-6; 1 .I1 
4 X Ge-O,, 2.1 1 

~ e 0 ~ ~ ~  High-quartz (1 = 4.9850 4 X Ge-0” 
c = 5.6480 

1.77 

*This study. ‘Containing 3 mol% Y@,. 

I I 
a .  I 

t - V - v v ~ - v r - l  
2 5 8 1 1  14  1 7  

k (Am’) 
Fig. 3. 
onal zirconia. 

EXAFS spectra at Zr-K edge for Ce- and Ge-stabilized tetrag- 

Fourier transforms (FTs) of these EXAFS spectra are shown 
in Figs. 4(a) and (b). The first peak corresponds to the Zr-0 
shell and the second to the Zr-cation shell. A two-subshell 
structure is observed for the Zr-0 peak, a feature also found in 
our previous studies of Zr spectra in tetragonal zirconia.16 This 
feature is manifested as a shoulder at the high-R side of the first 
peak and is seen more clearly for Ce-doped samples. The outer 
Zr-0 subshell appears to be missing completely for 15Ge10. 
The amplitude of the Zr-cation peak decreases with increasing 
dopant concentration, indicating an increasing structural distor- 
tion. Such a trend is again common for almost all of the solid 
solutions that we studied in the zirconia system and is believed 
to be the “normal” behavior during alloying. However, the 
decrease is especially pronounced for 1SGe 10, suggesting a 
structural discontinuity for this sample. This would be consis- 
tent with the formation of an ordered phase (Zr,GeO,) men- 
tioned earlier. The so-called “foc2sing effect,” which enhances 
the amplitude of the peak at 6.7 A due to scattering of collinear 
cations at 1/2 112 0 and I 1 0 positions,*’ is observed for both 
systems. This latter feature is also typical of Zr spectra for 
tetragonal zirconia. l 6  

The bond distance (R) ,  the coordination number (CN), and 
the bond dispersion (a’), obtained by curve fitting for the Zr-0 
and Zr-cation shells, are given in T!ble 111. Two sets of bond 
lengths at 2.09-2.10 and 2.33-2.35 A were found for the Zr-0 
shell, regardless of the type of dopant and its concentration. 
Similarly, the Zr-cation shell has an appa!ent coordination 
number of 12 at a distance of 3.61 to 3.63 A for all samples. 
These dopant-independent features are consistent with our pre- 
vious studies16 and confirm that the characteristic Zr-centered 
structure is preserved in the present samples. Table 111 also 
gives the fitted values of the Debye-Waller factor, which are 
attributed primarily to static distortion (at 10 K) that increases 
with increasing dopant concentration. The Ge-doped zirconia 
samples show increased disorder in their Zr-0 shells and 
decreased disorder in their Zr-cation shells compared to 
Ce-doped zirconia at comparable compositions. The particu- 
larly large distortion of the outer subshell of Zr-0 in 1 5-mol%- 
Ge-doped zirconia is due to the mixture of t-ZrO, and Zr,GeO, 
since the latter has a larger Zr-0 bond dispersion. (See Table 11 
for the four sets of Zr-0 distances.) This disorder is probably 
also responsible for the apparent disappearance of the shoulder 
on the h i g h 4  side of the Zr-0 peak in 15Ge10. 

(2)  EXAFS Spectra at the Ce-L,,, Edge 
Despite the favorable signaLhoise ratio, the Ce-L,,, EXAFS 

data are only useful to k = 11 A- I because of the Ce-L,, edge at 
higher energy. Therefore, the FT of the Ce EXAFS (Fig. 5 )  
suffers from relatively lower resolution, as indicated by the 
broader peaks. Nevertheless, we can readily compare the 
behavior of CeO, (designated as 100 Ce) and the three Ce0,- 
ZrO, solid solutions. 

In general, the Ce-0 and Ce-cation peaks are similar for all 
of the Ce-doped zirconia solid solutions, although the ampli- 
tude decreases with increasing Ce concentration (a “normal” 
behavior, as discussed abo:e). However, the Ce-cation distance 
in zirconia is about 0.20 A shorter than that in CeO,. This dif- 
ference is significantly larger than would be expected from the 
change in the phase shifi a. Because the Ce-Ce distance is 
known to be about 3.83 A in CeO,, the seecation distance in 
zirconia can be estimated to be ca;3.63 A. This is very similar 
to the Zr-cation distance of 3.62 A, suggesting that Ce4 + ions 
substitute randomly for Zfl+ in zirconia. The substitution 
causes a large distortion of the Ce-centered cation network, as 
indicated by the very low amplitude of the Ceecation peak in 
zirconia solid solutions, especially at higher Ce Concentration. 

A quantitative analysis of the Ce-0 shell in Fig. 5 was per- 
formed using the amplitude and phase shift functions derived 
from model compound CeOZ. Curve fitting gave the numerical 
valuesoreported in Table IV. The Ce-0 bond length in zirconia 
(2.30 A) is shorter than that in ceria (2.35 A). This value is con- 
sistent with a previous Ce-EXAFS study of tetragonal zirco- 
nia.” The CeO, shell is much more disordered in zirconia 
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R + a (A) R + a (A) 
Fig. 4. Fourier transforms of Zr EXAFS for (a) Ce- and (b) Ge-stabilized tetragonal zirconia. 

Table 111. Fitting Results of Zr EXAFS for Ce- and Ge-DoDed Tetragonal Zirconia 
Zr-ox ygeii Zr ia t ion  

Composition K ( A )  CN* ir? (A’) R ( A )  CN” 0 1  (A>) 
11 mol% CeO? 2.10 4.0 0.0035 3.63 12.0 0.0040 

16 mol% CeOz 2.10 4.0 0.0036 3.63 12.0 0.0046 

25 mol% CeOz 2.10 4.0 0.0040 3.63 12.0 0.0056 

(1  1Ce08) 2.35 4.0 0.0096 

( I  6Ce08) 2.35 4.0 0.0106 

(25Ce08) 2.34 4.0 0.01 15 

5 mol% Ge02 2.09 4.0 0.0040 3.62 12.0 0.0031 

10 mol% GeOz 2.09 4.0 0.0041 3.61 12.0 0.0035 

15 mol% GeOz 2.09 4.0 0.0056 3.61 12.0 0.0044 

(5Ge10) 2.35 4.0 0.0098 

( 1 0Ge 10) 2.34 4.0 0.0110 

(15Ge10) 2.34 4.0 0.0174 

Y 

0 1 2 3 4 5 6 7  
R + a ( A )  

Fig. 5. Fourier transforms of Ce-L,,, EXAFS for CeOz and 
Ce-stabilized tetragonal zirconia. 

because of the constraint of the zirconia matrix, which com- 
presses the Ce-0 distance. With increasing Ce concentration, 
the increasing degree of heterogeneity of the matrix solid solu- 
tion causes additional distortion “normal” for a solid solution. 

(3) EXAFS Spectra at the Ge-K Edge 
The EXAFS spectra and the corresponding FTs at the Ge-K 

edge for Ge-stabilized tetragonal zirconia and pure hexagonal 
GeO, are shown in Figs. 6 and 7. All three spectra for tetragonal 
zirconia are similar, but different from those for GeO,. This 

demonstrates that Ge4’ has different local structures in zirconia 
and in GeO,. Comparing the Ge-FTs and Zr-FTs (Fig. 4(b)) for 
the zirconia solid solutions, we also note a close similarity in 
the positions of cation-cation peaks, indicating Ge substitution 
for Zr. Surprisingly, unlike the case for Ce4’ or for trivalent 
dopants (Gel+, Y”,  Fe”, and Ga”), the amplitude of Ge 
EXAFS increases with increasing Ge concentration. This trend 
is most easily seen in the FTs. The increased EXAFS aFplitude 
is seen for all of the Ge-cation peaks, out to R > 10 A, and is 
particularly large for 15% GeO,. Note also that the amplitude of 
the Zr EXAFS (and FTs) for the same GeO,-ZrO, samples 
decreases with increasing Ge concentration. Thus, the “abnor- 
mal” amplitude variation is restricted to the Ge-centered local 
environment. 

The abrupt increase in peak height for 15 mol% GeO,-ZrO, 
can be attributed to formation of Zr,GeO,. This phase gives rise 
to some unusually high amplitudes, including ones for several 
high-order peaks. Similar high-order enhancement has not been 
observed for other Zr0,-containing systems that we have stud- 
ied. Many of the features attributable to this second phase are 
already present for solid solutions containing less GeO,, sug- 
gesting the incipient formation of a Zr,GeO, phase even at 5 
mol% GeO,. 

Utilizing amplitude and phase shift functions obtained from 
the Ge-0 shell in hexagonal GeO,,” we obtained the fitting 
rFsults given in Table IV. A Ge-0 bond distance of 1.80 to 1.8 1 
A with 4-fold coordination is obtained for all three doped sam- 
ples. This is slightly longer than the Ge-0 distance in GeO, but 
is in excellent agreement with the previous neutron-diffraction 
study for the Ge-0 bonding (1.80 A X 4) in Zr,Ge0,i4 (see 
Table 11). Thus, the Ge-0 arrangement in tetragonal zirconia 
solid solution is similar to that in the ordered phase Zr,GeO,. 
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Tahle IV. EXAFS Results of Ce-0 and Ge-0 Bonding in Zirconia" 

1285 

Composition Bonding R (A) CN' A d  (A2) 
Pure CeO, (100Ce) Ce-0 2.3s 8.0 0.0000 
1 I mol% CeO, (1 ICe08) Ce-0 2.30 8.0 0.006 1 
16 mol% CeO, (16Ce08) Ce-0 2.30 8.0 0.0064 
25 mol% CeO' (2SCe08) Ce-0 2.30 8.0 0.0065 

Pure GeOL (1 00Ge) Ge-0 1 .I7 4.0 0.0000 
5 mol% GeOz (SGe10) Ge-0 1.81 4.0 0.000 1 
10 mol% GeO, (10GelO) Ge-0 1.81 4.0 0.0001 
15 mol% GeO, (15Ge10) Ge-0 1 .so 4.0 0.0001 

*Ce-O and Ge-0 bonding in the parent oxides used as fitting models. 'Fit with fixed coordination number. 

2 5 8 11 14 17 
k 

Fig. 6. 
tetragonal zirconia. 

EXAFS spectra at Ge-K edge for GeO, and Ge-stabilized 

0 2 4 6 8 1 0 1 2  
R + a (A) 

Fig. 7. 
tetragonal zirconia. 

Fourier transforms of Ge EXAFS for GeO, and Ge-stabilized 

Remarkably, the Debye-Waller factors for the Ge-0 shell are 
quite small. Since the reference compound, hexagonal GeO,, 
has nearly ideal GeO, tetrahedra, these small A d  values imply 
that there is negligible distortion of the Ge-0 tetrahedron, other 
than a slight dilatation, in either tetragonal zirconia or in 
Zr,GeO,. This gives rise to a very sharp first peak in all four 
spectra in Fig. 7. This peak is more than 3 times higher than 
either the Zr-0 or the Ce-0 peaks of Figs. 3 and 4. 

The second FT peak corresponds to the next-nearest neigh- 
bors (NNN) around a central Ge4+, i.e., the first Ge5ation 
(Zr4' and/or Ge4+) shell. The higher-order peaks (>3 A) are 
outer Geecation shells since outer Ge-0 shells are less readily 
observable because of the weak scattering function of oxygen. 
Quantitative fitting of the first Geecation (Zr and/or Ge) shell 

was performed using calculated (FEFF) amplitudc and phase 
functions of a Ge-Zr pair with a distance of 3.62 A. Since the 
phase shift functions of Zr and Ge have similar k dependence,'" 
the bond distance can be determined with reasonable accuracy 
without considering the Ge-Ge scattering contribution. The 
coordination number and Debye-Waller factor, however, are 
subject to greater uncertainty due to the very different ampli- 
tude functions between Ge and Zr; thus, the latter fitting result: 
are not discussed. In all cases, a distance of 3.59 to 3.60 A 
is obtained, which is similaro to that of the corresponding 
Zrecation shell (3.61 to 3.62 A, see Table 111). This indicates 
that the Ge4+ ions substitute for Zr4' in the Zr network. 

Based on the curve-fitting distance and the Geecation petk 
position (Fig. 7), the apparent phase shift correction is ca. 0.5 A. 
Using this phase shift, the expected peak positions (R + a) for 
an ideal fcc cation sublattice can be calculated. The pertinent 
absorber-scatter pairs are shown schematically in Fig. 8 for 
Zr,GeO, using an fcc reference lattice. The calculated distances 
are indicated by the arrows in Fig. 7. For 15Ge10, for which 
the Ge spectrum primarily reflects the Ge-centered Zr,GeO, 
domains, all of the high-order peaks coincide with the ca l~u-  
lated cationecation pair distances (lattice parameter = 5.2 A). 
This provides a direct confirmation that the Geecation network 
of Zr,GeO, is nearly face-centered cubic and fluorite-like. 
Indeed, of the Geecation peaks expected for an ideal fcc 
arrangement, only peak 8 is too weak to be detected above the 
noise. Peaks 5 ,  7, and 9 are seen for the first time in our study. 
The amplitude enhancement for peaks 4 and 9 is due to the 
so-called "focusing effect." These peaks are attributed to face 
diagonal Geecation pairs which have a linear absorber-scatter- 
scatter geometry with at least one intervening scatterer. 
Because of this stringent requirement, the fact that peaks 4 and 
9 are intense provides additional evidence that the Geecation 
network in Zr,GeO, is face-centered cubic with only little 
distortion. 

0 Zr @ Ge 

Fig. 8. Cation sublattice in Zr,GeO,. 
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The amplitudes of the Ge-cation shells increase with increas- 
ing Ge content. This “abnormal” observation can be explained 
by increasing ordering of the Ge-centered cation network. In 
contrast, the Zr-centered cation network is probably still disor- 
dered, and hence distorted, in the matrix outside these ordered 
domains, thus accounting for the lower Zr EXAFS amplitude 
described above. This picture seems reasonable in view of the 
Ge concentrations, which are less than required (25 mol%) to 
form Zr,GeO, completely. Finally, while peak 1 increases con- 
tinuously from 5 to 15 mol% GeO,, the outer peaks, corre- 
sponding to Ge-cation pairs extending beyond the first cubic 
cell, are only seen for 15Ge10. This suggests that although the 
dissolved Ge4‘ ions cause local ordering similar to that of 
Zr,GeO,, these domains extend only to a spatial distance on the 
order of one cubic cell from the center Ge at low Ge concentra- 
tions. It is remarkable that ordering on this scale, which is 
unlikely to be detectable by other techniques, can be revealed 
by EXAFS. 

(4) XANES Spectra 
X-ray absorption near edge spectra of the present series of 

samples can be found in the doctoral thesis of the principal 
author” and are not shown here. At the Zr-K edge they show the 
characteristic XANES features for tetragonal zirconia.I6 At the 
Ce-L,,, edge, the spectra for the doped samples are similar to 
that of pure CeO,.*’ 24 The very similar XANES spectra for Ce 
in CeO, and Ce-doped zirconia solid solutions indicate that the 
same valence state prevails in all of the samples. 

The XANES spectra at the Ge-K edge in tetragonal zirconia 
are all similar but very different from that for GeO,, reflecting 
different atomic structures. 

IV. Discussion 

( I )  Local Structures of Zirconia with Tetravalent Dopants 
As in other solid solutions, Zr02-Ce0, and ZrOz-GeO, have 

very different host and dopant cation-0 distances but very sim- 
ilar host and dopant cation-cation distances3 In most respects, 
the local environments of both the host and dopant cations are 
characteristic of the tetragonal polymorph and independent of 
the dopant. In contrast, the dopant-0 environments are some- 
what similar to those of the corresponding parent oxides but 
with altered bond distance. Thus, for the oversized Ce4+, the 
CeO, cube is compressed in zirconia as compared to that in 
CeO,, while for undersized Ge4+, the GeO, tetrahedron is 
dilated in zirconia as compared to that in GeO,. Such a straight- 
forward comparison was not possible in our previous study of 
trivalent cations because a change of coordination number for 
trivalent cations between parent oxides and doped zirconia was 
often encountered, making direct comparison inappropriate. 
However, an analogous compression of oversized YO, and 
GdO, was noted in doped zirconia‘ when compared with 
the more relaxed configurations tabulated in Shannon’s table.” 
The compression for Ce4 ’ is smaller than that for Y3 + and Gd3 + 

(see Ref. 3) because of the smaller misfit for CeO,. (Th? ionic 
radii fqr &fold coordiqation are as folloys: Ce4+,  0.97 A; Y 3 + ,  
1.019A; Gd”, 1.053A; andZr4+,0.84A.24) 

The substitution of undersized Ge4+ for Zr4+ leads to an 
ordered arrangement in the cation network which eventually 
gives rise to an ordered Zr,GeO, phase at high Ge4+ concentra- 
tion (25 mol%), but the same local oxygen environment of 
Ge“ prevails even at lower concentration. The scheelite-like 
structure of Zr@eO, (Table 11) has two sets of Ge-0 distances, 
1.80 and 2.69 A, both with tetrahedral c~ordinat ion.’~ Only the 
inner oxygen tetrahedron (Ge-0,) contributes to the observed 
first FT peak (Fig. 7) at the same bond distance. The outer 
Ge-0,, peak is too weak to be detected. 

Cation networks in all of the tetragonal zirconia solid solu- 
tions investigated thus far are essentially fcc type. Ce doping 
leads to some disorder whereas Ce  doping remarkably enhances 

order. The latter is highly unusual. In particular, the resolution 
of the very strong high-order peaks in FTs, especially the one at 
R + ci = 10.5 A, is remarkable for the EXAFS. In the follow- 
ing, we will utilize this local structure information to address 
the issues on tetragonality and phase stability. 

(2) Tetragonality 
Tetragonal zirconia may be viewed as a layer structure.Zh In 

this picture, tFtragonality is attributed to the strong bonding of 
Zr-0, J2.10 A) within the layers and weak bonding of Zr-O,, 
(2.34 A) between the layers. Both 0, and 0,, form a tetrahedron, 
though of a different size, around Zr. The introduction of Ce4+ 
ions, which adopt a more symmetric 8-fold coordination 
because of their larger size, has the effect of assimilating these 
two types of bonding and destroying the layer structure. This is 
shown schematically in Fig. 9 and accounts for the decrease in 
the cla ratio with Ce doping. The decrease, in reality, is rela- 
tively small, so that tetragonality of dilute solutions does not 
extrapolate to zero at 100% Ce02.6 

Oversized trivalent cations, which also prefer 8-fold coordi- 
are known to cause reduction in tetragonality much 

more effectively than Ce4+. The tetragonality decrease in this 
case is aided by the creation of oxygen vacancies. This mecha- 
nism may be intuitively understood as being due to the relief of 
oxygen “overcrowding” between the layers and especially 
around Zr4+. Since only the concentration of the vacancy mat- 
ters, the exact magnitude of oversize is less consequential. 
Thus, the tetragonality vanishes at 18 mol% MO, regardless of 
ionic These dopants need to be oversized, though, 
because only oversized trivalent dopants leave all of the oxygen 
vacancies to Zr4+ and thereby exert the greatest effect on tetrag- 
onality reduction. Undersized trivalent dopants tend to be asso- 
ciated with oxygen vacancies themselves so that their ability to 
relieve the oxygen crowding around Zr4+ is dimini~hed.’,~’ In 
short, the dopant effect on tetragonality reduction decreases in 
the order of oversized trivalent cation, undersized trivalent cat- 
ion, and oversized tetravalent cation. 

r t a  

Dopant 

Oxygen 

Zr-01 

cla increases cla decreases 

Fig. 9. 
solid solutions. (Numbers indicate atom positions in h direction.) 

Schematic illustration for variation of tetragonality of zirconia 
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The tetragonality of the zirconia solid solution increases with 
increasing concentration of the undersized Ge dopant. This can 
also be rationalized by the layer structure of tetragonal zirconia. 
As described above, the Ge-0 coordination in both zirconia 
solid solutions and Zr,GeO, is  bifurcated into two subshells, 
Ge-0, and Ge-O,,. This is analogous to the splitting of the 
Zr-0 shell. The M-0 bond strength, as judged by bond 
distances, decreases in the following order, Ge-0, > Zr-0, > 
Zr-0,, > Ge-O,,; i.e., the bond strength disparity between ZrO, 
and ZrO,, should be increased if Zr is substituted by Ge. There- 
fore, Ge doping causes the bonding within the layers to be 
strengthened while that between the layers weakened, thus 
increasing the tetragonality . When the ordered Zr’GeO, and 
ZrGeO, structures finally form, there is an additional small 
increase in the tetragonality beyond the reference trend line of 
the solid solution.’ This is probably due to a collective relax- 
ation effect and is again most likely related to the different bond 
strengths of Ge-0, and Ge-O,, bonds. This mechanism is sche- 
matically depicted in Fig. 9 and is believed applicable for all 
undersized tetravalent solutes. 

(3) Phase Stability 
The varying tetragonal stability in different zirconia solid 

solutions is now rationalized. First, we recognize that the insta- 
bility of tetragonal zirconia is rooted in the small size of ZP’, 
which is unfavorable for 8-fold oxygen coordination normally 
required for the fluorite structure.’ Thus, the cation network is 
strained and oxygen overcrowding is present in tetragonal zir- 
conia. We have previously found structural evidence of this 
instability in the temperature dependence of EXAFS28 which 
has a more severe thermal distortion in tetragonal zirconia than 
in all other (thermodynamically more stable) polymorphs 
(monoclinic, cubic, and orthorhombic). In addition, we found 
that at 10 K, when thermal distortion is largely frozen and the 
NNN Zr-Zr peak in the FT is strongest in tetragonal phase, the 
amplitude of higher-order peaks diminishes more rapidly for 
the tetragonal phase than for other phases, indicating a much 
stronger contribution of incoherent scattering at higher orders in 
the former.“ Therefore, stabilization of tetragonal phase must 
be achieved via a relief of its internal strain. 

Inasmuch as oversized tetravalent dopants (such as Ce“ ) 
dilate the cation network and Zr-associated oxygen vacancies 
(from trivalent cations) relieve oxygen overcrowding, both are 
expected to cause increased tetragonal stability because of the 
decrease in strain energy. In these cases, the tetragonality 
appears to be a good indicator of the instability of the cation 
network; i.e., lower tetragonality is accompanied by an increase 
in the stability of the network against monoclinic distortion. 
Stabilization of the tetragonal structure by undersized Ge4+ is 
obviously different. In this case, the tetragonality increases at 
the same time that the stability is enhanced. The stabilizing 
effect is apparently achieved by cation ordering. The evidence 
for the reduced internal strain energy lies in the increased 
amplitude of the Ge-cation peak even at very large distance?, 
indicating very little distortion over at least a distance of 11 A 
from a central Ge  atom. The overcrowding in this case is appar- 
ently relieved by the full development of bifurcated tetrahedral 
bondings for both Zr-0 and Ge-0 in the layer-like structure. In 
so doing, the tetragonal structure gains thermodynamic stability 
while the tetragonality increases simultaneously. Indeed, tetrag- 
onality is an indicator of stability in this case. For example, the 
highly tetragonal terminal phase, Zr,GeO,, is highly stable. 

For completeness, we turn finally to the cubic phase in order 
to rationalize its stabilization. We have shown previously’.’ that 
the availability of free oxygen vacancies is central to forming 
the cubic zirconia structure with 7-fold Zr-0 polyhedron as the 
elementary structural unit. At the cubic boundary, the ratio of 
ZrO,/ZrO, is approximately 1; i.e., the population of ZrO, gains 
majority in the cubic phase. Thus, it is not surprising that no 
cubic zirconia solid solution has been reported for the Zr0,- 
GeO, or ZrO,-TiOz systems, since there are no vacancies in 
these systems. Nevertheless, in the Zr0,-CeO, system, a cubic 

phase should form because CeO, itself is a cubic fluorite struc- 
ture. The phase diagram5 of the Zr0,-CeO, system shows a 
cubic-tetragonal two-phase regime between 18 and 70 mol% 
CeO, at intermediate temperatures. This can be rationalized if 
we postulate that the cubic structure could form once the perco- 
lation limit for Ce in the fcc lattice (19.8%)2y is exceeded. 
Under this condition, a locally “cubic” environment sur- 
rounding Ce will link up to form cubic domains that phase-sep- 
arate the solid solution into tetragonal and cubic regions. (This 
is an extension of the previous picture in which the ZrO, net- 
work is connected.) This two-phase regime will continue until 
the Zr ions become the minority species and fully surrounded 
by the cubic matrix. This appears to occur at 70% CeO, judged 
by the steep decrease of cla near this composition, reducing d u  
to unity.” At higher temperatures (>1900°C) a genuine cubic 
Zr(Ce)O, solid solution, partially stabilized by oxygen vacan- 
cies, can exist at higher Zr  concentration^.^^^' In view of the sim- 
ilarity of the phase diagrams, the above picture could apply 
to the Zr0,-UO, system and all other oversized tetravalent 
dopants. 

V. Conclusions 

Zr in both Ce- and Ge-doped tetragonal zirconia has a 
characteristic local structure, as previously described in our 
studies:.’ with two sets of tetyhedrally coordinated Zr-0 poly- 
hedra (2.10 A X 4 and 2.33 A X 4) and a 12-fold coordinated 
Zrxation shell at 3.62 A. Further conclusions arrived at in this 
study are the following: 

Both the oversized (Ce4 ’ ) and undersized (Ge4 + )  tetra- 
valent dopants have significantly different oxygen coordination 
from that of the host cation. The Ce forms a random substitu- 
tional solid solution with Zr, while the Ge dissolves in the cat- 
ion sublattice but is arranged in ordered domains. In both cases, 
the cation-cation distance is not altered by alloying. 

Oversized CeO, polyhedra are obsegved in tetragonal 
zirconia with a Ce-0 bond length of 2.30 A. This distance is 
longer than the mean Zr-0 distance of the host but shorter than 
the Ce-0 distance in pure Ce02. The 8-fold oxygen coordina- 
tion around the oversized Ce4+ ions and the dilation i t  causes 
decrease tetragonality of zirconia and stabilize its tetragonal 
structure by the relief of oxygen overcrowding. 

The undersized Ge in zirconia solid solutions is tetrahe- 
drally coordinated with 0 with a Ge-0 distance of 1.8 1 A. This 
distance is shorter and its bond is presumably stronger than the 
Zr-0, bond, thus it enhances the anisotropy of the tetragonal 
layer structure. The local Ge-Zr ordering is reminiscent of a 
scheelite-like Zr’GeO, structure which apparently relieves the 
internal strain energy of the Zr cation sublattice. Thus, despite 
the increase in tetragonality, the tetragonal solid solution can be 
stabilized effectively by Ge doping. 

Undersized tetravalent dopants do not form a cubic zir- 
conia solid solution. Oversized tetravalent dopants decrease the 
tetragonality very slowly at dilute concentrations. However, a 
cubic solid solution eventually forms when the cubic-like sur- 
rounding of the oversized tetravalent dopant becomes the 
majority matrix at around 70%. 

(1) 

(2) 

(3) 

(4) 
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