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Yttria-stabilized zirconias Zr,-xYrOZ~O.Sx (tetragonal, cubic fluorite, and cubic -C-LnzOs-type forms) 
are investigated by spectroscopic methods. Optically active europium ions that partially substitute 
yttrium ions act as a structural microprobe. Both conventional ultraviolet and dye laser (site-selective) 
excitation are used. The yttria-stabilized zirconias may be well described by a cationic sublattice in 
which tetravalent and trivalent cations are statistically distributed. The anionic sublattice accommo- 
dates vacancies at random on oxygen positions. These vacancies in turn cause complex oxygen 
displacements giving rise to what may be described as a “glass of anions.” 

I. Introduction 

By adding heterovalent cations (mainly 
Ca*+ and Y3+) into pure Zr02, the high-tem- 
perature cubic allotropic form remains 
stable even at room temperature, as first 
established by Duwez et al. (I). This 
phenomenon greatly improves the mechan- 
ical properties of zirconia ceramics by 
hindering the volume increase associated 
with the cubic-to-tetragonal-to-monoclinic 
transformation in pure zirconia. It is also at 
the origin of the more recent development 
of partially stabilized zirconia (PSZ) ce- 
ramics in ternary systems such as Zr02/ 
Y203/A1203 (2). The stabilization process it- 
self is due to the formation of oxygen 
vacancies to preserve the charge equilib- 
rium. 

These (mobile) defects in turn are re- 
sponsible for the high ionic conductivity of 
these materials (3), property which has 

found several applications such as oxygen 
control devices (4) or high-temperature 
(above 2000 K) furnaces in oxidizing atmo- 
sphere (5). On the other hand Yz03-stabi- 
lized zirconias have been considered as la- 
ser host materials (6). 

Although much work has already been 
published on yttria-stabilized zirconia there 
remains unresolved problems concerning 
the microscopic aspects of the stabilization 
process (7). Most studies are related to 
their mechanical or physical properties 
such as electrical conductivity (8, 9). On 
the other hand structural investigations are 
generally limited to X-ray or neutron dif- 
fraction studies (IO). The cubic fluorite- 
type structure (noted F) is then usually de- 
scribed by a statistical repartition of Zr4’ 
and Y3+ ions in the cationic sublattice to- 
gether with a random distribution of oxygen 
vacancies in the anionic sublattice. Evi- 
dences for short-range interactions have 
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however been put forward. Another cubic 
“C” (C = rare earth sesquioxide type) solid 
solution exists in the yttria-rich part of 
Zr02/Y203 system. Long-range ordering 
has been observed leading to the ZrjY4012 
phase (11-13). 

In the zirconia-rich part Y3+ ions may 
also enter to some extent the tetragonal (T) 
or monoclinic (M) phases. As will be dis- 
cussed below, some points in the phase dia- 
gram are still controversial due to the diffi- 
culties encountered in reaching true 
equilibrium conditions. 

In this paper we present an optical study 
of the F, C, and T phases, Eu3+ partially 
substituting Y3+ ions and behaving as an 
optical local microprobe. The systematic 
interpretation of Eu 3+ fluorescence spectra 
on a structural point of view has proven to 
be very efficient when studying rare earth- 
or yttrium-mixed oxides systems, espe- 
cially in the case of Ln3+ multisite com- 
pounds for which dye laser site-selective 
excitation is essential (14). The same tech- 
niques have successfully applied, for exam- 
ple, to rare earth-doped calcium fluorite or 
calcium oxide crystals (15, 16) or to glassy 
matrices (17). 

Applications of local probe investigations 
to Zr02N203 are very scarce (see, for ex- 
ample, Refs. (18-20)). We prove here that 
by getting a response from the heterovalent 
cation (here Eu3+ partially substituting Y3+) 
the optical probe technique gives a new in- 
sight in the structural problems linked to 
short- and long-range ordering. 

II. Experimental 

Sample preparation. Powdered samples 
were prepared by coprecipitation starting 
from zirconium oxichloride, yttrium, and 
europium oxides (Johnson Matthey 
99.99%). Zirconium oxichloride ZrOC12 . 
nHzO and oxides Y203 and Eu203 in appro- 
priate proportions were dissolved in hot 
concentrated HCl and the mixture of hy- 

droxides precipitated by adding NH40H at 
high temperature (approaching the boiling 
point). After filtration and washing, the pre- 
cipitate was fired for 5-6 hr at 1100°C. The 
water percentage in zirconium oxichloride 
has been determined by dissolving it in 
known proportion and then precipitating 
Z1-02 in the same experimental conditions 
as previously detailed. The ZrOz weight 
permitted to deduce the n value in ZrOClz 
* nHz0. The powders were pressed in thin 
plates and then fired in a lime-stabilized zir- 
conia heating element at 1750-1800°C dur- 
ing about 20 hr. Cooling down to room tem- 
perature was usually achieved by removing 
the sample from the heating element with- 
out further temperature control. However, 
no modification of the results was observed 
for slower toolings (several steps of 2 or 3 
hr). The starting and final compositions 
were assumed to be identical. The euro- 
pium content was chosen between 0.5 and 
1% of the whole cationic content (Zr4’ + 
Y3+ + Eu3+). In the following Ln stands for 
(Y + Eu). 

A single crystal was grown at the Odeillo 
solar furnace by Dr. A. Rouanet by slow 
cooling of a melted mixture of oxides with 
the initial composition 79Zr02/20Y01.5/ 
~EuO,.~. After cutting by following the 
(100) faces and polishing a single crystal of 
about 2 X 1 X 0.2 mm was obtained. 

Identification of phases. The phases 
identified by X-ray diffraction are reported 
in Table I with their observed cell parame- 
ters. Three facts are to be pointed out: 

-A single tetragonal (T) stabilized phase 
is identified for 90Zr02/10(Y ,Eu)01.5. Re- 
ferring to the Zr02/Y203 phase diagram this 
does not correspond to the equilibrium 
state at room temperature but to the high- 
temperature metastable form which should 
decompose into F + M (fluorine-type cubic 
+ monoclinic) or M + Zr3Y40i2 under re- 
versible cooling conditions (see Refs. (12, 
13)) Gupta et al. (21) stabilized up to 98% 
tetragonal phase in monoclinic zirconia. 
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TABLE I 

PHASE IDENTIFICATION AND Eu 3+ EMISSION CHARACTERISTICS IN THE SYSTEM ZrOzN203 : Eu3+ 

Type of fluorescence 
Initial composition Crystallographic data spectrum0 

99.9 ZrOz, 0.1 EuO,.~ Monoclinic n = 5.147 A, b = 5.109 A, c = 5.321 A, See Ref. (26) 
p = 99.3” 

99.7 Zr02, 0.3 EuO,.j Monoclinic a = 5.147 A, b = 5.109 A, c = 5.321 A, See Ref. (26) 
p = 99.3” 

98 ZrOz, 1.5 YOls, 0.5 EuO,.~ Monoclinic a = 5.147 A, 6 = 5.109 A,, c = 5.321 A, See Ref. (26) 
p = 99.3” 

96 ZrOr, 3.4 YO,.s, 0.6 EuOls Tetragonal + monoclinic II 
95 ZrOZ, 4.4 YO, S, 0.6 EuOIS Tetragonal a = 5.116 A,, c = 5.160 A I + II 

+ monoclinic 
90 ZrOz, 9 YO1.Sr 1 EuOi 5 Tetragonal a = 5.120 A, c = 5.160 A I + II 
82 ZrOz, 17 YO1.s, 1 EuO,.~ Cubic (F) a = 5.144 A I + II 
75 ZrOz, 24 YO, 5, 1 EuO, 5b Cubic (F) a = 5.165 A I + II + III 
67 ZrOz, 32 YO,,j, 1 EuO,.~ Cubic (F) a = 5.180 A I + II + III 
64 ZrOz, 35 YO, 5, 1 EuO,.~ Cubic (F) a = 5.183 A I + II + III 
50 ZrOr, 49 YO,.s. 1 EuO,.~ Cubic (F) a = 5.215 A I + II + III 
43 ZrOz, 56 YO,.s, 1 EuOIS Cubic (F) a = 5.237 A 1 + II + III 
33 Zr02, 65.5 YOI.S, 1.5 EuO,.~ Cubic (F) a = 5.245 A + cubic (C) a - 10.5 A I + II + III 
25 Z1-02, 73.5 YO1 S, 1.5 EuO,.~ Cubic (F) a - 5.25 A + cubic (C) a = 10.556 A III 
18 ZrO2, 80.5 YOr.5, 1.5 EuOr.5 Cubic (F) a - 5.25 A + cubic (C) a = 10.537 A III 
11 ZrO?, 87.5 YOIs, 1.5 EuO,,~ Cubic (C) a = 10.585 A III 
5 ZrOz, 93.5 YO,.s, 1.5 EuO, 5 Cubic (C) a = 10.604 A III 
99.3 Y01.5r 0.7 EuO,,~ Cubic (C) a = 10.604 A III 

a See Section III in text. 
b Single crystal. 

One may think that a very low proportion 
of M phase has not been detected in our 
sample but nevertheless it is very nearly 
100% tetragonal. 

-A cubic (F) single phase is observed 
between 82Zr02/18(Y,Eu)0,.5 and 43ZrOJ 
~~(Y,Eu)O~.~ and a cubic (C) single phase 
between 1 1Zr02/89(Y ,Eu)0,.5 and Y203. A 
two-phase (F + C) domain lies between 
these compositions. The changes in unit 
cell parameters versus Me3+ concentration 
are consistent with a solid solution descrip- 
tion. These results agree rather well with 
previous works (1, 22). 

-We never observed the already re- 
ported Zr3Y40i2-ordered phase (11-23). 
Even after a 3-week annealing at 12OO”C, a 
sample corresponding to this composition 

did not show extra diffraction lines when 
compared with the disordered phases. 

Powder data on a ground single crystal 
showed a F-type phase. The true composi- 
tion of this sample has been estimated to 
75Z10~/25(Y,Eu)O,.~ (see Table I) by com- 
paring the cell parameter a = 5.165 A with 
the corresponding values in sintered sam- 
ples. 

These conclusions deduced from X-ray 
diffraction data are confirmed by electronic 
diffraction experiments although small 
crystals of C type are detected at a lower 
YO1.S content (57%); no reflexion due to the 
hexagonal Zr.3Y4012 phase has been identi- 
fied (23). 

Spectroscopic measurements. The Eu3+ 
fluorescence is mainly due to transitions 
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5DJ+3 + lF. I=&+ The spectra were re- 
corded at 77 K but it is noteworthy that 
after excitation to upper levels under ultra- 
violet light they are basically the same at 
300 K. The fluorescence spectra exhibit 
characteristic features (number, relative in- 
tensities, and energetical positions of lines) 
which reflect the local structural properties 
nearby Eu3+. If these active ions occupy 
several crystallographic sites in a given 
compound, all are excited simultaneously 
by the ultraviolet incident light and the cor- 
responding fluorescence spectra overlap; 
the individual spectra are then quite diffi- 
cult to isolate. The technique of site-selec- 
tive excitation solves this difficulty. It con- 
sists in exciting directly the ‘F,, --, 5D,, 
transition of Eu3+ ions in a given site (each 
site is related to one ‘F,, + 5Do energy 
value) and then analyzing the particular sDO 
+ 7FJ,1-4 fluorescent transitions of that 
site. 

The experimental apparatus is made up 
of a Spectra Physics 375/376 jet-stream dye 
laser pumped by a Spectra Physics 164 ar- 
gon ion laser. The dye is Rhodamine 6G 
( 10m3 M in ethylene glycol). The wavelength 
of the laser beam is continuously tunable 
from about 5700 to 6500 A, the linewidth 
being 0.7 cm-‘. All the fluorescence spectra 
are investigated with a Jarrel-Ash 78460 
Czerny-Turner spectrometer (focal length 1 
m). Conventional ultraviolet excitation is 
achieved by an Osram HBO 150-W lamp. 

III. Optical Study: Results and Discussion 

All the fluorescence lines are character- 
ized by rather large widths. Although an 
exact measurement is hindered by line 
overlaps we may evaluate it to more than 50 
cm-’ at 77 K. 

The typical unhomogeneous Eu3+ line- 
widths measured in glassy matrices range 
between 50 and 100 cm-’ and even up to 
300 cm-i (17) whereas the homogeneous 

linewidth in the same compounds is about 
l-3 cm-i (25). Although yttria-stabilized 
zirconias give rise to diffraction patterns 
(they are not amorphous materials) the fluo- 
rescence of Eu3+ embedded in these matri- 
ces looks like that of the same ion in a glass. 

The unhomogeneous broadening of a flu- 
orescence line brings evidence for the dif- 
ferent crystal fields experienced by the 
Eu3+ ions around a mean value, in other 
words the rare earth immediate environ- 
ments in stabilized zirconia fluctuate 
slightly from a given ion to the other. 

(a) Emission under ultraviolet excitation: 
line positions and widths. In Fig. 1 are re- 
ported selected fluorescence spectra of 
Eu3+ in the Zr02N203 T, F, and C phases 
under uv excitation. Corresponding to each 
composition is noted the nature of phases 
identified by X-ray diffraction. Almost the 
same spectrum is observed for the compo- 
sitions Zr,-xLn,02-o.s, with x = 0.04, 0.05, 
0.10, and 0.18. 

The spectrum characteristic of the T and 
F phases in this composition range consists 
in three weakly splitted lines for 5D0 * ‘F, 
and two strongly splitted lines for 5D0 -+ ‘F2 
(with reference to the corresponding split- 
tings S, and Sz of europium-doped C-type 
yttrium sesquioxide, we can say that the 
mean splittings in the actual spectrum are 
equal to 0.6S1 and 1.45&). 

Additional lines appear for x = 0.25 (sin- 
gle crystal), 0.33, 0.36, 0.50, and 0.57. This 
new spectrum consists in three and two 
lines for 5DO 4 7F1 and 5D, + 7F2, respec- 
tively, but the splitting of the 7F1 manifold is 
larger than here above (0.8Si) and 7F2 is 
more contracted (= &). This spectrum re- 
mains nearly the same-with decreasing 
linewidths-when the Y203 content in- 
creases up to the pure C-type phase 
(Y203 : Eu3+). 

(b) Emission under dye laser excitation. 
The Eu3+ site selective excitation technique 
has been applied to our samples. In the ‘Do 
+ 7F0 spectral range, site resonances were 
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FIG. 1. Fluorescence at 77 K under uv excitation of Zr~-,hz~O~~~.~,(h = Y + Eu). 

systematically sought for by performing 
tiny displacements of the excitation wave- 
length followed by a careful scanning of the 
‘Do --, 7F2 region for the fluorescence signal. 
As for glasses the selective excitation 
results in fluorescence line narrowing since 
just a small subset of ions are excited by the 
laser. Several causes of residual broadening 
remain in our experiments, for example, 
site-to-site energy transfer or accidental de- 
generacy. The first effect might be avoided 
by time-resolved measurements but the 
second one would persist in these condi- 
tions and even in more selective experi- 
ments such as double frequency techniques 
(26). In spite of residual broadening the dye 
laser excitation brought significant results. 
We will now describe the selectively ex- 
cited fluorescence spectra observed for two 
compositions: Zr0.96L120.4001.98 (tetragonal) 
and Zr~.J.no.s01,75 (cubic F). 

For the tetragonal form four excitation 
wavelengths were selected. The four corre- 
sponding spectra recorded at 77 K are re- 

ported (Fig. 2) and the numerical values are 
collected in Table II. 

For A, (excitation) = 5822.5 A, we ob- 
tained a spectrum already observed for 

1 I 
6300 5900 A 

FIG. 2. Fluorescence at 77 K under uv and dye laser 
excitation of Zro%Lno.0401 &Ln = Y + Eu); see Table 
II for notations. 
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FIG. 3. Fluorescence at 77 K under uv and dye laser excitation of Zro.s&zosoO, -is(Ln = Y + ELI); see 
Table II for notations. 

Eu3+ in monoclinic ZrOz (27). The mono- 
clinic X-ray diffraction lines are moreover 
very slightly visible for this sample. 

For other excitations only one kind of 
spectrum was observed with the same over- 
all disposition of lines in each transition but 
with slight variations of the energy posi- 
tions. 

This spectrum, which we shall denote II, 
consists in three and two lines for the 0 + 1 
and 0 + 2 transitions, respectively. The ori- 
gin of the additional lines near the strongest 
‘Do + ‘F2 component is not clear since they 
are invisible on the global uv-excited spec- 
trum. Spectrum II is characterized by small 
‘F, and large ‘F2 splittings. The 5Do -+ ‘F2 
transition displays two lines the more in- 
tense of which being probably an unre- 
solved doublet (see spectrum b, Fig. 2). 

The uv-excited spectrum being a super- 
position of the different individual laser-ex- 
cited spectra, it displays a larger number of 

lines especially in the 5D0 + ‘FI spectral 
range. 

Selectively excited spectra of Eu3+ in 
Zro.sLno,s0,,75 are reported in Fig. 3 and the 
numerical values in Table II. One may ob- 
serve strong modifications from one excita- 
tion wavelength to another. Each spectrum 
is in fact the sum of several components but 
the comparison of relative intensities al- 
lows to distinguish between three kinds of 
spectra: 

-The spectrum denoted III is character- 
ized by large ‘F, (three lines) and small ‘F2 
(two lines) splittings (respectively, 248 and 
518 cm-‘). By comparison with the emis- 
sion of Eu3+ in C-Yz03 (Fig. 1) we may 
assign III to Eu3+ in a &-pseudo &-hex- 
acoordinated site similar to that of Ln3+ in 
cubic sesquioxide (28). 

-Spectrum II may be described, on the 
contrary, by small ‘F, and large ‘F2 split- 
tings (209 and 624 cm-‘, respectively). 
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’ El- 
y------- - 

*-, - 
-- -/- 

-11, 

FIG. 4. Eu3+ energy levels relative positions from 
Figs. 1 and 3. Identification of isolated (I,II,III) spec- 
tra. 

These characteristics had been observed 
previously for the main component in the 
Zro.%Lno.0401,9s : Eu3+ emission. 

-Spectrum labeled I is observed for the 
most energetical excitations and character- 
ized by a very large 7F1 overall splitting (387 
cm-‘). This last kind of spectra is almost 
invisible in the uv-excited fluorescence due 
to wavelengths coincidences with the other 
two. It was detected by selective excitation 
in the samples Zrl-xLnx02-0.5x with x = 0.05 
(T form), 0.25 (single crystal sample, y 
form), and 0.50 (F form). For A, = 5784.5 A 
(Fig. 3e) the first sD0 + 7F1 emission line is 
in fact a doublet, probably indicating a 
more complex structure which has not been 
detected for other excitations. 

Therefore the dye laser selective excita- 
tion technique permits one to distinguish 
three types of spectra for the composition x 

= 0.5. Each of these spectra presents large 
linewidths characteristic of short-range dis- 
order. The same three types of spectra are 
observed for x = 0.25 and 0.33 for which III 
appears only slightly. 

The energy scheme in Fig. 4 represents 
the occurrence and evolution of the spectra 
for the compounds ZrI-XL~X02~o.5X in the 
0.04 (- x 5 1 composition range while Table 
IV sums up the results which can be sum- 
marized: spectrum II occurs for tetragonal 
zirconia (x = 0.04); spectra I and II occur 
for 0.05 I x I 0.18; spectra I, II, and III for 
0.25 I x 5 0.66; spectrum III alone for 0.75 
4 x I 1 (cubic Y203 limit). 

(c) Discussion. We now have to discuss 
what conclusions about the structure of yt- 
&a-stabilized zirconias may be extracted 
from our spectroscopic analysis. 

The assignment of spectrum III is unam- 
biguous. This kind of spectra has been en- 
countered many times in Eu3+-doped rare 
earth sesquioxides or in C-EuZ03 (27, 28). 
The line wavelengths vary continuously for 
type-III spectrum between the composi- 
tions Zr,-,Ln,Oz-o,sX (X = 0.5) and C- 
Y203 : Eu3+ (see Table III). This fluores- 
cence spectrum is characteristic of Eu3+ in 
the hexacoordinated &-pseudo C2”-ses- 
quioxide cationic site which may be de- 
scribed as the center of a cube formed by 
six oxygens and two vacancies on a face 
diagonal (Fig. 5a). The other site in cubic 
sesquioxide (symmetry C3J is three times 
less numerous than C2 and gives rise to just 
a few and sometimes hardly recognizable 
lines due to its high symmetry (29). 

The fluorescence spectra of compositions 
with x = 1 to 0.75 are made of III alone 
which is natural since their only (or main) 
component is the C-type phase (see Table 
I). Spectrum III also appears (together with 
I and II) for 0.67 2 x 2 0.25 samples char- 
acterized on the contrary’ by the pure fluo- 
rite F phase (with a small amount of C 
phase for x = 0.67) and this will be dis- 
cussed hereafter. 
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TABLE III 

EVOLUTION OF Eu3+ LINES POSITIONS FOR THE SPECTRUM III IN ZrI-xLnxOz-o.5x (Ln = Y + Eu) 

x = 0.50 x = 0.57 x = 0.67 x = 0.75 x = 0.95 x=1 

90 -+ ‘F. (A, = 5811.5) 5790 5795 5800 5805 5806 
a, + ‘F, 5885 5860 5865 5870 5875 5874.9 

5935 5930 5927 5930 5930 5930 

5965 5980 5985 5995 5995 5996 
sDo -+ ‘F2 6115 6115 6115 6110 6110 6110.5 

6130 6130 6128.6 
6144.5 

6315 6300 6300 6300 6300 6310.9 

Note. Except for x = 0.5 the values reported are those measured under uv broadband excitation. 
a Comparison with Eu3+ in yttrium sesquioxide. 

Considering now the zirconia-rich part of 
our system which is characterized by type- 
II spectrum either for the tetragonal (T) or 

- DISP!ACEfENT [1ool 
Cl OXYGEN VACANCY 

--b-DISPLKuENT pll] 

FIG. 5. (a) Ordering of vacancies in C-Ln203-type 
phases showing three Cz and one C3i CN6 cationic 
sites. (b) Effect of one isolated vacancy on its first- 
neighbor cations (4 CN7 sites). (c) Effect on one iso- 
lated vacancy on its 28 second-neighbor cations (28 
028 sites of Cl point symmetry). 

cubic fluorite (F) crystalline form we pro- 
pose to assign it to Ln3+ in CN8 (coordina- 
tion number = 8) coordination for the fol- 
lowing reasons. 

An oversimplified view of the structure 
would lead to assign the point symmetries 
Dw and Oh to the cationic site for T and F, 
respectively, by analogy with the cubic and 
tetragonal high-temperature pure zirconias. 
This is in contradiction with our spectro- 
scopic data since we observe three lines for 
‘Do * 7FI in type-II spectrum which indi- 
cates a much lower symmetry (at most C2J. 
This fact is easily understandable by con- 
sidering the effect of oxygen vacancies. On 
Fig. 5b is schematized a part of the fluorite 
unit cell. It represents four cationic posi- 
tions at the center of one elementary cube 
out of two. The oxygen positions are the 
corners of each cube. One isolated oxygen 
vacancy then creates four sevenfold coordi- 
nation cationic sites in its immediate sur- 
rounding. But as clearly demonstrated by 
Steele and Fender (10) using neutron scat- 
tering the removal of one ion causes the 
displacement of the nearest-neighbors oxy- 
gens following 11001 axes and the secondary 
relaxation of oxygens in the [ill] direc- 
tions. These displacements of atoms from 
their position in the “ideal” fluorite struc- 
ture in turn lower to C, the symmetry of 
cationic sites second neighbors of the va- 
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cancy (see Fig. 5~). In other words one va- 
cancy creates four CN7 sites in its first cat- 
ionic coordination shell and 28 cationic 
sites of CN8 but of symmetry C1 in the sec- 
ond cationic shell. Assuming no interaction 
between vacancies, for the composition x = 
0.04 we get 0.08 heptacoordinated sites for 
0.92 octocoordinated of which 0.36 are Oh 
and 0.56 are C, . Because at the beginning of 
the substitution there is much less sites of 
CN7 than sites of CN8 we assign the spec- 
trum of type II to CN8 while the spectrum 
of type 1, which shows up progressively 
with increasing concentration of lan- 
thanides, to the occupation by europium 
ions of those CN7 sites. The spectroscopic 
data then tend to prove that at low Ln3 con- 
tents the trivalent ion preferentially enters 
cationic sites second neighbors of oxy- 
gen vacancies. Note that the fluorescence 
spectrum of Eu3+ in true octahedral Oh 
symmetry has been observed, for example, 
in the fluorite phase T~.997E~0.M)301.999 (30) 
and is characterized by just one magnetic 
dipolar sD0 + 7FI line. So it appears that 
there is no occupancy by Eu3+ of Oh sym- 
metry sites in stabilized zirconias. 

The third spectrum (I) is also character- 
istic of a low symmetry (three lines are ob- 
served for 5D0 + 7FI). The cationic CN7 
sites represented on Fig. 5b are of symme- 
try C3”. This description assumes one iso- 
lated oxygen vacancy acting with the same 
strength on each of the three [loo] direc- 
tions and on each of the four [ 1111. A dis- 
placement of the cation along [ 11 l] would 
keep the C3” symmetry. In the framework 
of our assignment the observed lower sym- 
metry at Ln3+ site shows that the relaxa- 
tions repartition is not strictly isotropic. 
This probably indicates longer range inter- 
actions such as vacancy-vacancy, cation- 
vacancy, or cation-cation but with our ex- 
perimental data we cannot get a more 
precise description of the lattice distor- 
tions. 

In a previous spectroscopic study of yt- 
tria-stabilized zirconias using Er3’ as a lo- 
cal probe (Ref. (19)) H. Arashi states the 
existence of two different sites for Ln3+, the 
first one of CN8 (but with a symmetry 
lower than Oh) the other one is not assigned 
by the author to a particular site symmetry 
(either CN7 or CN6). The relative intensity 
of the two corresponding spectra change 
continuously with x for 0.08 I x 5 0.67. In 
the present work we obtain similar results 
but we observe three different spectra at- 
tributed, respectively, to the three 8,7,6 co- 
ordinations. 

On Table IV are summarized the results 
of the present study together with those of 
Steele and Fender (20) and with the conclu- 
sions of Shih Ming Ho (7) based upon 
chemical considerations (the sevenfold co- 
ordination bonding characteristics of ZP 
ions) and electrical conductivity. The sug- 
gestion of Steele and Fender that for suffi- 
ciently high Ln3+ contents (x 5 0.24) oxy- 
gen vacancies tend to be preferentially 
distributed along elementary cube-face di- 
agonals is clearly confirmed by our obser- 
vation of CN6 coordination for composi- 
tions x 2 0.25. This in turn contradicts the 
description made by Shih Ming Ho of or- 
derly Yz03-stabilized zirconias which sup- 
pose the existence of Ln3+ (CN6) only for x 
2 0.60. As in Ref. (10) we assign a low (CJ 
symmetry for the octocoordinated CN8 cat- 
ionic sites but we disagree with Steele and 
Fender’s assumption of a true C3” CN7 site 
symmetry (our spectroscopic data suggest 
rather C,, or lower site symmetry). The in- 
terpretation of Eu3+ fluorescence spectra 
does not permit a quantitative evaluation of 
the proportion of cations Ln3+ in each 
kind of site. So one cannot by this tech- 
nique get precise information about the re- 
partition Zr4+/Ln3+. All what we can say is 
that our results do not suggest a preferential 
occupancy of (CN7) vacancy first-neighbor 
sites by Ln3+ but rather would lead to the 



TA
BL

E 
IV

 

SU
M

M
AR

Y 
O

F 
R

ES
U

LT
 

C
O

M
PA

R
IS

O
N

 
W

IT
H

 
TH

O
SE

 
D

ED
U

C
ED

 
FR

O
M

 
R

EF
S.

 
(7

, 
10

) 

Fr
om

 S
hi

h 
M

in
g 

H
o 

(R
ef

. 
(7

))
 

Th
is

 w
or

k 
Fr

om
 S

te
el

e 
an

d 
Fe

nd
er

 (
R

ef
. 

(1
0)

) 
N

um
be

r 
N

um
be

r 
of

 Y
3+

 
of

 z
t’+

 

C
N

8 
C

N
7 

C
N

6 
C

N
8 

C
N

7 

H
yp

ot
he

tic
al

 
flu

or
es

ce
nc

e 
sp

ec
tra

 

O
bs

er
ve

d 
flu

or
es

ce
nc

e 
sp

ec
tra

 

O
bs

er
ve

d 
X-

ra
y 

di
ffr

ac
tio

n 
C

on
cl

us
io

ns
 a

nd
 h

yp
ot

he
tic

al
 

flu
or

es
ce

nc
e 

sp
ec

tra
 

0.
16

 
- 

- 
0.

52
 

0.
32

 

0.
20

 
- 

- 
0.

40
 

0.
40

 

0.
32

 
- 

- 
0.

04
 

0.
64

 

0.
28

 
0.

08
 

- 
- 

0.
64

 
- 

0.
50

 
- 

- 
0.

50
 

- 
0.

40
 

0.
20

 
- 

0.
40

 

- 
0.

25
 

0.
50

 
- 

0.
25

 

II(
 +

 m
on

oc
lin

ic
) 

I 
+ 

II 
I 

+ 
II 

II 
I 

+ 
II 

II 
I 

+ 
II 

+ 
III

 

II 
I 

+ 
II 

+ 
III

 

I 
+ 

II 
I 

+ 
II 

+ 
III

 
I 

I 
+ 

II 
+ 

III
 

I 
+ 

II 
+ 

III
 

I 
+ 

III
 

I 
+ 

II 
+ 

III
 

I 
+ 

III
 

III
 III
 

III
 

III
 

III
 

‘U
+ 

W
 

‘U
+ 

M
l 

T F F F F F F F(
+ 

0 
(F

) 
+ 

C
 

(F
) 

+ 
C

 
C

 
C

 
C

 

Zr
o.

da
dh

~ 
an

d 
Zr

o.
de

dh
.~

: 
re

la
xa

tio
ns

 
to

w
ar

d 
ox

yg
en

 v
ac

an
ci

es
 

C
N

 =
 8

 s
ym

m
et

ry
 

C
, 

(II
 s

pe
ct

ru
m

) 
C

N
 =

 7
 s

ym
m

et
ry

 
C

3,
 (n

ot
 o

bs
er

ve
d)

 

Te
nd

en
cy

 f
or

 a
ss

oc
ia

tio
ns

 L
n3

’(C
N

7)
- 

va
ca

nc
y-

ln
3+

(C
n7

) 

Zr
o.

76
Ln

o.
24

01
.8

7 
te

nd
en

cy
 f

or
 C

N
 =

 6
 s

ite
 

(II
I 

sp
ec

tru
m

) 



190 DEXPERT-GHYS, FAUCHER, AND CAR0 

a b q CN7 
CN 6 

cz] CNB 

l OXYGEN IDEAL POSITION 

* DISPLACEMENT [loo] 

--DISPLACEMENT h] 

FIG. 6. (a) Model for Me O,.%. (b) Model for Me0 , 75. In each CN different numbers correspond to 
different cationic sites. 

inverse conclusion at least for very low tri- 
valent ion contents (x = 0.04) for which 
Ln3+ (CA%) is the only species identified. 

The last point we want to discuss is the 
large “glassy like” linewidths of Eu3+ fluo- 
rescence in yttria-stabilized zirconia, a 
characteristic that was also observed for 
the single crystal (x = 0.25) sample. X-Ray 
diffraction proves that cations are on a cfc 
lattice without long-range ordering between 
Zr“’ and Ln3+. The cause of the “glassy 
like” structure has then to be searched for 
in the (oxygen ion + vacancies) arrange- 
ment toward cationic positions. We have 
already described the effect of one isolated 
vacancy on its first and second neighbors. 
When vacancies proportion increases (with 
x) their relative disposition acts on the cat- 
ionic sites directly by creating hexacoor- 
dinated (CN6) sites and indirectly by means 
of ion relaxations. On Fig. 6 we have sche- 
matized in a very simple manner these ef- 
fects in order to evaluate how much the lo- 
cal structure may be disordered even for 

relatively low vacancy concentrations. Fig- 
ure 6a corresponds to the composition 
Zr~.s12Ln~.18801.906. It represents the (001) 
plane with oxygen atoms at the comers of 
each little square. Cations are located at a/4 
(where a is the cell parameter) above one 
square out of two. To simplify the drawing 
the a/2 oxygen plane is supposed com- 
pletely filled whereas all the vacancies are 
in the basic plane which then contains six 
vacancies over the 64 anionic positions. 
Vacancies are distributed so as to create 
only CN8 and CN7 cationic sites according 
to our spectroscopic assignments. The oxy- 
gen displacements are represented by ar- 
rows along [ 1001 and along the projection of 
[ 1111. One can see that even by considering 
only the first-coordination shells we have 
created a large number of different immedi- 
ate environments around cations. For the 
particular solution depicted on Fig. 6a one 
may count three CN7 point sites and eleven 
CN8 differing in each case by the ligands 
relative positions. The number of different 
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point sites still increases with the number of 
vacancies. On Fig. 6b, for example, we 
have schematized the Zro.sLno.sO1.~~ com- 
position by applying the same rules as 
above except that hexacoordinated sites 
are now considered. One can identify on 
this diagram nine different CN8 sites, eight 
different CN7, and five different CN6. 
These representations are only two among 
the equivalent solutions one could imagine. 
Nevertheless they clearly show that the 
simple consideration of relaxations toward 
oxygen vacancies creates a large number of 
sites for the cations and this for each value 
of the coordination number. The Eu3+ opti- 
cally active cations then experience a great 
number of slightly different surroundings - 
just as in a glass-which causes the fluores- 
cence lines unhomogeneous broadening. 

IV. Conclusion 

The study of so-called yttria-stabilized 
zirconias (Zrl-,Y,O,-,.,) by means of the 
optically active Eu3+ local probe partially 
substituting Y3+ has been made over a wide 
range of compositions. The interpretation 
of europium fluorescence spectra observed 
either under ultraviolet excitation or under 
dye laser selective excitation leads to sev- 
eral interesting conclusions about the struc- 
ture of the cationic and mainly the anionic 
sublattices that could not be reached by 
macroscopic investigation techniques. The 
main conclusions of this work are the fol- 
lowing. 

The stabilization process which we have 
observed for samples containing at least 4% 
trivalent cations (x = 0.04) is accompanied 
by a drastic change in the cation’s immedi- 
ate surroundings by comparison with 
monoclinic nonstabilized zirconia (see Ref. 
(27)). On the other hand the phase transfor- 
mations from tetragonal to cubic (fluorite) 
to cubic (C-type)-stabilized zirconias bring 
no change in Eu 3+ fluorescence other than 
the continuous evolution observed for 0.04 

I x 5 1. Over this composition range our 
results are consistently interpreted by a 
model in which cations are surrounded by 
8, 7, or 6 oxygen first-neighbors. When x 
increases we observe successively CN8, 
CNg + CN7, CNS + CN7 + CN6 coordina- 
tions. The site symmetry may be C1 , C, , C,, 
D2, or CzU for CN8 and CN7. It is CApseudo 
C,,) for CN6, the two oxygen vacancies be- 
ing on a face diagonal. There is no indica- 
tion of a preferential repartition of oxygen 
vacancies immediately near the heterova- 
lent Ln3+ cations. This last point may nev- 
ertheless be discussed since fluorescence 
spectra do not give information about the 
number of ions in each site. The low sym- 
metry which is observed for CN8 directly 
proves that the remaining oxygen atoms are 
relaxed toward oxygen vacancies. For CN7 
sites the simple consideration of relaxations 
towards an isolated vacancy lead to C3, 
symmetry. Lower symmetry is explainable 
only by longer range ion-ion or ion-va- 
cancy interactions. Finally, the common 
characteristic of Eu3+ in stabilized zirco- 
nias-i.e., the fluorescence lines unhomo- 
geneous broadening-is another evidence 
for the various relaxations occurring in the 
oxygen lattice leading to a large number of 
slightly different sites for each coordination 
number. 

In summary, in view of our structural 
analysis by means of the Eu3+ local probe, 
the yttria-stabilized zirconias may well be 
described by a cfc cationic sublattice in 
which trivalent and tetravalent cations are 
statistically distributed. The anionic sublat- 
tice accommodates vacancies at random on 
oxygen positions. These vacancies in turn 
cause complex oxygen displacements giv- 
ing rise to what we may describe as a 
“glass” of anions. 
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