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Luminescence spectra of Eu®* ions in Y3"-doped CeO, crystals are measured as a function of excita-
tion wavelength for samples of various Y** concentrations. Eu®* ions, which partially substitute for
Y37 ions, act as a structural probe. It is found that six different sites of Eu* ions exist in this material.
A local-structure model is proposed for these sites and experimental results are well explained with this
model. The dopant-concentration dependence of the luminescence spectra reveals that the defect center
of the oxygen vacancy associated with one Y>" ion is closely related to the ionic conducting mechanism

in this sytem.

I. INTRODUCTION

Some of the oxides having fluorite structure (e.g.,
Ce0,, ZrO,, etc.) exhibit high ionic conductivity at
elevated temperature by the addition of various divalent
(Ca®" and Mg?" etc.) or trivalent (Y3', Yb*", etc.) cat-
ions in a wide range of concentration. In these electro-
lytes the current is carried by oxygen vacancies, which
are introduced to compensate the lower charge of the
dopant cations.! In particular, yttrium-stabilized zirconia
(YSZ) has been most widely used as a solid electrolyte
material for oxygen sensors, fuel cells, etc.’

Since ionic conduction arises from hopping of oxygen
ions through anion vacant sites, a monotonic increase of
the ionic conductivity is expected with increasing concen-
tration of the dopant cations. The ionic conductivity,
however, goes through a maximum with increasing
dopant concentrations.>® This is a common feature in
many fluorite-type oxygen-ion conductors. The origins of
this behavior of ionic conductivity have been studied by
many workers mainly on stabilized zirconia systems with
various experimental techniques.*”~’ They suggested that
the decrease of ionic conductivity at high dopant concen-
tration may be attributed to clustering, ordering, or for-
mation of a second phase.

The Y,0;-doped CeO, system is a favored system for
investigating such defect structures in the very dilute
range of dopant concentrations, because pure CeO, has
fluorite structure. This situation is in contrast to the case
of ZrO,, which has a tetragonal crystal structure in the
dilute range of dopant concentrations.

In contrast to the case of YSZ, the relationship be-
tween the local structures and the ionic conductivity for
the doped CeO, system has not been clarified to date.
Ionic conductivity® and dielectric relaxation® of the Y3*-
doped CeO, system were studied in detail by Nowick and
co-workers. They found that the ionic conductivity rises
sharply, giving a maximum at about 4 mol % Y,0O; and

44

the activation energy gives a minimum at about 4 mol %.
The decrease of the activation energy of the ionic motion
in the dilute range of dopant concentration is attributed
to the electrostatic interaction between a (V,Y) cluster
and a Y defect, where V, represents the oxygen vacancy.

Neutron-scattering measurement were performed by
Fender!® and Anderson et al.!'! Fender proposed a com-
plex cluster, which consisted of two oxygen vacancies and
three or four Y** ions, in 5 mol % Y,0;-doped CeO,.
Anderson et al., however, stated that the diffuse
neutron-scattering data can be represented by a more
simple cluster, i.e., the single-vacancy model compensat-
ed by one or two Y3 ions for 6 mol % Y,0;-doped
CeO,. However, concerning the local structures at
higher dopant concentrations, only few qualitative dis-
cussions were presented. A systematic investigation over
a wide dopant-concentration range is necessary in order
to understand the role of local structures on the ionic
transport properties of this material.

The purpose of this study is to investigate the local
structures surrounding the trivalent impurity metal ion in
the Y,0;-doped CeO, system, and to clarify the relation-
ship between the local structures and the ionic conduc-
tivity by using site-selective spectroscopy. This spectro-
scopic technique is suitable for studying optical proper-
ties on disordered system such as amorphous and glass
materials,'?> because the inhomogeneous broadening of
luminescence bands can be eliminated. The superionic
conducting material is a disordered system, because the
mobile-ion sublattice is usually highly disordered. There-
fore, site-selective spectroscopy is expected to be a very
powerful technique to investigate the properties of su-
perionic conductors.

A luminescence study on the CeO, system has been re-
ported only by Linares,!® to our knowledge. He excited
Eu’*-doped CeO, crystals with x rays and observed visi-
ble luminescence spectra of Eu3" ions at room tempera-
ture.
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In our study small amounts of Eu®tions are introduced
into the material for optically active centers and the
luminescence spectra of Eu®" ions have been measured as
a function of excitation wavelength for samples with vari-
ous Y3* concentrations. The Eu’' ion has a singlet
free-ion energy level (°D,) and generally well-resolved
Stark components of "F.

These unique spectroscopic characteristics of the Eu®™"
ion are very useful for experimental study by using site-
selective spectroscopy.

II. EXPERIMENT

Transparent polycrystalline samples of CeO,-
Y,0;:Eu*" with various Y,0; concentrations were grown
by means of a xenon arc imaging furnace. The concen-
tration of Eu®" ions was 0.01 mol %, which were intro-
duced as optical centers in the samples. The concentra-
tion of the dopant cation was calibrated by using an x-ray
fluorescence analysis. The grown crystals were cut into a
rectangular shape and polished to give optical surfaces
and used as samples for optical measurements. By using
transparent samples, grain-boundary effects of samples on
the luminescence spectra can be excluded and the intensi-
ty of stray light scattered by the sample is drastically re-
duced compared with ceramic samples.

The doping effect of the Ln** ions (e.g., Y3 or Eu’™)
on the luminescence center Eu’t in CeO, may be two-
fold: One is a change of Coulomb field which acts on
Eu®? ions. The other is the oxygen vacancies, which are
introduced in the crystal to compensate the effective neg-
ative charge associated with the trivalent dopant. In or-
der to see the influence of the presence of oxygen vacan-
cies on luminescence spectra, samples in which oxygen
vacancies are compensated were also investigated. The
oxygen vacancies were compensated by adding the same
amount of Nb>" jons as Ln** ions.

Ultraviolet (uv) excitation was achieved by using a Xe
lamp. For site-selective spectroscopy measurements, the
sample was excited by a pulsed dye laser (rhodamine 6G
dye) pumped by a XeCl excimer laser. The tunable out-
put with a spectral width of about 0.04 cm~! was ob-
tained in the 5700-6000-A wavelength range. This
wavelength range corresponds to the wavelength region
of the inhomogeneously broadened 'F,—°D, absorption
band of Eu®" ions. The samples were mounted into a
closed-cycle He refrigerator and cooled down to about 15
K. The luminescence is analyzed with a double-grating
monochromator (resolution limit of 1 cm™!) equipped
with a photomultiplier and a boxcar integrator.

III. RESULTS

In order to clarify the essential features of the site-
selective excitation experiments, we present in Fig. 1 the
results of luminescence spectra of 0.4 and 3.8 mol %
Y3*-doped CeO, samples excited by uv light (2500—3800
A) from a Xe lamp at 15 K. In this condition all Eu®*
ions are excited simultaneously, and in consequence the
complicated luminescence spectra which correspond to
radiative transitions between D, and ’F multiplets of
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Eu’"t ions are observed. Although the degeneracy of
Stark components of the ’F, state is three, more than
three bands are observed in the wavelength region from
5860 to 5960 A in this figure. Since this wavelength re-
gion corresponds to the 'F; components, this feature is
obviously connected to the existence of different sites of
Eu®* ions with different energies for the *D,-"F; transi-
tion. The relative intensity of the most intense peak at
about 5910 A decreases and the band width broadens
with increasing the dopant concentration. However, the
spectral pattern does not essentially change in both sam-
ples.

Figure 2 shows the luminescence spectra of the 0.4
mol % Y**-doped sample under the uv-light excitation
(upper part) and the site-selective excitation (lower part).
The wavelength of the excitation laser was tuned succes-
sively in each peak position of the *D,-’F, luminescence
bands for the selective excitation. Distinct luminescence
spectra are observed at each excitation wavelength, as
seen in the lower part of Fig. 2. Each spectrum excited at
different wavelength corresponds to the fluorescence of
Eu’" ions at different site. We labeled these sites as
Ay, A,, B, C, and D, which are shown in the figure.
The spectral patterns of sites 4,, 4,, and B are essen-
tially the same. Although the upper Stark component of
the "F| state of the Eu’" ion, which corresponds to the
luminescence bands observed at about 5960 A in Fig. 2,
splits into two levels for the site B, the spectral patterns
of sites A;, A,, and B are qualitatively the same. In
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FIG. 1. Luminescence spectra of Eu’* ions excited by uv
light at 15 K in 0.4 mol % (upper) and 3.8 mol % (lower) Y**-
doped samples.
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contrast to these three sites, the luminescence spectrum
of site D is quite different from that of other sites.

The salient feature of these site selective spectra is that
a weak luminescence banod, which is labeled as “‘site C,” is
observed at about 5910 A in this figure. This weak band
is always observed, when the sample is excited by the
laser light tuned to the wavelength inside the inhomo-
geneously broadened °D,-"F,, band. This is in contrast to
the results under uv-light excitation, where the lumines-
cence band of site C is most intense in the spectrum ob-
tained by the uv-light excitation, as seen in Fig. 2. Fur-
thermore, the radiative life time of site C is several times
longer than that of other sites. These results indicate that
the Eu®* ion at site C can not be excited via the *D,-"F,,
absorption band. In other words, the transition probabil-
ity between these levels is very small for Eu3" ions at site
C.

The top spectrum in Figs. 3 and 4 is obtained by uv-
light excitation for 3.8 and 4.9 mol % Y**-doped sam-
ples, respectively. From a comparison of the spectra in
Figs. 2—4, the observed bandwidth of the Stark com-
ponents of "F, is found to increase with increasing the
dopant concentration. This indicates that the degree of

=) -

15K

Ce0,:Y (0.4mol%)  |*
uv light

5 Do_7%
x5

V0]

(&)

=z

)

(&)

wn

w A

=z ] i 1 1 1 ]

= Site-Selective

o Excitation

-

[T

o

5 7

> DR

'_ -

h A;site . C site x1

= | 58095A |

::‘__J Agsite | ‘ l x20

= 58060A - M L

—~ | Bsite } x20
5803.5A il —
Dsite
5798.0A .
5800 5840 5880 5920 , 5960

WAVELENGTH (A)

FIG. 2. Luminescence spectra of Eu’" ions measured on the
0.4 mol % Y**-doped sample. The top spectrum in this figure is
excited by uv light. The lower spectra are measured under site-
selective excitation, which are excited via the inhomogeneously
broadened °D,-"F absorption band.
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disorder of the host lattice increases with increasing
dopant concentration. The lower parts in Figs. 3 and 4
show a series of site-selective spectra for the two samples
excited by laser light tuned to the wavelength inside the
inhomogeneously broadened ’D,-"F, luminescence band.
The following point should be pointed out as an impor-
tant feature. Luminescence bands from the ions at sites
A, and A4, are not observed in these samples and those
from site B become dominant. Instead of the lumines-
cence bands from ions at sites 4; and A4,, other new
bands appear in the spectra, where the peak positions of
the new luminescence bands differ from those of sites
A, A,, and B. We assign this luminescence band to a
different site of Eu** ions and label this site “site X.” The
intensity of the luminescence from site X increases with
increasing dopant concentration.

As seen in Fig. 4, the splitting energy of the upper
Stark components of the "F, state of Eu®+ ions at site X
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FIG. 3. Luminescence spectra of Eu®** ions measured on the
3.8 mol % Y3*-doped sample. The top spectrum in this figure is
excited by uv light. The lower spectra are measured under site-
selective excitation, which are excited via the inhomogeneously
broadened °D,-"F, absorption band.
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is larger than that at site B. This feature is displayed in
Fig. 5. In this figure the peak position of each band of
sites B and X for the 4.9 mol % Y3*-doped sample is
plotted as a function of excitation wavelength. The peak
positions of the luminescence bands from D, to the
upper Stark level of 7F, are determined by fitting the
spectral line shape to a Gaussian curve. The energy
difference of the Stark components of ’F; and °D, con-
tinuously shifts to the high-energy side with increasing
the excitation photon energy. This result shows that
there are many sites of Eu" ions, which suffer a slightly
different crystal field in either case of sites B and X. As
seen in this figure, the splitting energy of the upper Stark
components of the two sites is different, but the excitation
wavelength dependence of the peak position of the
luminescence band from site X is quite similar to that
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FIG. 4. Luminescence spectra of Eu** ions measured on the
4.9 mol % Y**-doped sample. The top spectrum in this figure is
excited by uv light. The lower spectra are measured under site-
selective excitation, which are excited via the inhomogeneously
broadened *D,-"F, absorption band.
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same, as shown in the figure.



4866

from site B. This result suggests that the configuration of
the nearest-neighbor oxygen ions at site X, which is a fun-
damental structure of the defects in this material, may be
similar to that at site B.

Considering the above results shown in Figs. 2-4, we
can classify the sites of Eu®" ions into six types, i.e., sites
Ay, A,, B, C, D, and X. To clarify the nature of each
site, we measured luminescence spectra on another sam-
ple in which oxygen vacancies are compensated by co-
doping of Nb>" ions. Drastic changes are observed in
the site-selective spectra of all measured samples. Except
for the case of site C, the intensity of the luminescence
bands from sites 4,, 4,, B, D, and X is drastically re-
duced, when the samples are excited at the wavelength
region of the >D,-"F, band. For example, one of the re-
sults for the case of site B is shown in Fig. 6. The
luminescence band from site B almost disappears, and the
band from site C becomes predominant in the sample
where the vacancy is compensated. This result strongly
indicates that oxygen vacancies closely relate to the local
structures at Eu’T-ions sites except for site C. In other
words, it is confirmed that only site C is vacancy-free site.
These experimental results measured by the vacancy-
compensated samples yield conclusive information for a
determination of a model for each site.

IV. DISCUSSION

A. Local structures in the dilute range of dopant

In this section we will discuss the nature of each
Eu’*-ion site in the dilute range of dopant and make the
assignment of the local structures surrounding the
trivalent ions.

By using the results of the site-selective spectra, energy
diagrams of several excited states, which are measured
from the excited state °D,, for the Eu’" ion of each
classified site are shown in Fig. 7 for the 0.2 mol %
Y,0;-doped sample. The energy of the ’F,, state of Eu®*
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FIG. 7. Energy diagrams of Eu*' ions in the five sites ob-
served in the site-selective spectra in the samples of the dilute
range of dopant. The energy of each level is measured from the
5D, excited state, which is the initial state of luminescence in
this study.
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ions at site C could not be determined from the results of
the present study, because neither absorption nor
luminescence bands by the transition between 'F, and
D, states were observed. Then the energy of the 'F,
state for site C, which is shown in Fig. 7, is assumed to be
equal to that of site D.

The F, state, which is threefold degenerate, is split-
ting into two or three levels except for site C. The center
of gravity and the magnitude of the splitting of the "F,
state for each of the sites 4;, A4,, and B are almost the
same energy. This means that the crystal-field strengths
at these three sites are almost the same. This in turn sug-
gests that the fundamental structure of these sites may be
similar. The point-group symmetry of the metal-ion site
in the fluorite structure crystal is ideally O,, where the
three Stark components of the "F, state are degenerate.
The above-mentioned results indicate that the point sym-
metry of the metal ion at sites 4, and 4, becomes lower
than O, and only an axial symmetry remains. Consider-
ing the results of luminescence measurement on Nb-
doped samples, in which the intensity of sites 4,, 4,, and
B becomes very weak as shown in Fig. 6, it is reasonable
for this system to assign sites 4; and A4, to local centers
accompanied by an oxygen vacancy at the nearest-
neighbor (NN) site, i.e., a (Fg, Eu) cluster. Since the
point-group symmetry at these sites is C;,, the experi-
mental results can be well explained. Thus sites 4; and
A, can be considered as isolated or quasi-isolated
(Vo,Eu) cluster sites, as shown in Fig. 8. This assignment
is consistent with results obtained by other methods. For
example, the existence of such as the (V,Y) cluster has
been suggested by dielectric relaxation measurements® for
the CeO,-Y,0; system.

The feature of luminescence bands related to the upper
Stark levels in these three sites is interesting. The
luminescence bands for site 4, are broader than those
for site A, and furthermore, the 'F, level for site B is

O 0" ion
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C site o £ (v
/O
Y*ions
AL A; > |, )
and B site (B site) |0 vacancies
o/ /
D site bt

e

FIG. 8. Local-structure models for the five different sites.
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slightly split into two levels. This behavior of the
luminescence spectra shows that the point-group symme-
try of Eu’*-ion sites becomes lower in order of 4, 4,,
and B, and finally, the local symmetry of site B becomes a
distorted C;,. The excitation wavelength dependence of
the luminescence peak position of the lower Stark com-
ponent of ’F; is shown in Fig. 9(a) for Eu’" ions at sites
A, A,, and B. Since the peak position of the lumines-
cence band from the A, site continuously changes into
that from site A4, with decreasing the excitation wave-
length, the local structure of the A4, site is essentially the
same as that of the A, site and only the strength of the
crystal field which acts on the two centers is different.
On the other hand, the peak position of the luminescence
band from the B site is well separated from those from
the A and A, sites, as seen in Fig. 9 (a). This result sug-
gests that there is a decisive difference in the local struc-
tures between site B and the other two sites (4, and 4,),
although these three defect centers contain the (V,Eu)
cluster in common. Then we can attribute this difference
of local structures to the difference of strength of interac-
tion between the (V,Eu) cluster and other defects, i.e.,
Y3" ions or oxygen vacancies (see Fig. 8).

Now, it is important to determine the kind of defects
which interact with the (Vy,Eu) pair at the B site. The
possible defects which interact with the (V,Eu) pair are
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FIG. 9. (a) Peak positions of the lower Stark components of
the Eu®* ions at the 4, 4,, and B sites in the 0.4 mol % Y>™-
doped sample are plotted against the excitation wavelengths.
(b) Luminescence spectra corresponding to the >D,-"F, transi-
tion of the Eu’™ ion.

4867

free Y>7 ions, free oxygen vacancies, and other (V,Y)
pairs. Since one oxygen vacancy is introduced by doping
of two Y*7 ions, the probability that a free oxygen vacan-
cy exists near the (V,Eu) pair center must be very small
in the dilute range of dopant. The number of other free
Y’" ions may be almost equal to that of other (V,,Y)
pairs. However, it is difficult to determine that the Y3*
ions, which interact with the (V,Eu) pair, are free or ac-
companied by an oxygen vacancy. For these reasons, we
assume in this paper that the interacting defects are free
Y3 ions.

Luminescence properties of Eu?" ions at site C are
quite different from those at other sites in several
respects. At first, the luminescence band from Eu*" ions
at site C is strongly excited only by uv light and is not
clearly observed under the site-selective excitation condi-
tion. This fact indicates that the transition probability
between 'F,, and °D, is very small. Since this transition
has the nature of the electric dipole transition, it is possi-
ble to explain this experimental fact if site C has an inver-
sion symmetry. Second, since only one band is observed
in the spectra for site C, as seen in Fig. 2, it is concluded
that the Stark components of the "F; of Eu®" ions at this
site are all degenerate. This degeneracy of the "F state is
consistent with the result of symmetry consideration for
site C. As shown in Fig. 6, it is the most significant and
characteristic feature of the luminescence from site C
ions that the intensity of luminescence is not quenched by
the codoping of Nb>*, in other words, by the compensa-
tion of oxygen vacancies. These experimental results in-
dicate that site C is a local center without oxygen vacan-
cies. Therefore, it is most reasonable to assign C site to
the normal Ce-ion site in the fluorite structure as show in
Fig. 8, where the point-group symmetry of the metal ion
is O,,.

For the D site, the energy of the center of gravity and
the splitting of the ’F, state are different from those of
sites 4,, A,, and B. Since the upper Stark level clearly
splits for site D, as shown in Fig. 2, the local symmetry of
site D is C,, or lower. Since the energy difference be-
tween the °Dj, state and the center of gravity of the 'F,
state of Eu’" ions at site D is almost the same as that at
site C, which has O, symmetry in the above discussion,
the strength of the local crystal field which acts on ions at
site D does not much deviate from that for metal sites in
the fluorite structure. Luminescence intensity from site
D is very weak for the Nb>*-doped sample. This result
suggests that the local structure of site D is closely relat-
ed to oxygen vacancies. Considering these results for site
D, we propose a model for the local structure of site D, as
shown in Fig. 8. In this model, the NN configuration of
the Eu®" ion of site D is the same as that of the fluorite
structure; i.e., there is no oxygen vacancy in the NN site,
and an oxygen vacancy exists at the 2NN or the 3NN ox-
ygen sites, etc. The position of the oxygen vacancy is not
clear at present.

B. Relationship between the defect structures
and the ionic conductivity
In this section we will discuss the dopant-
concentration dependence of the site-selective spectra
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and clarify the relationship between the local structures
of defects and the ionic conductivity in this system.
Especially, we want to reveal the effect of the interaction
between impurity metal ions and oxygen vacancies on the
ionic conduction. For this purpose, it is most useful to
focus our attention on the (V,,Y) cluster sites, i.e.,
Ay, A,, B, and X sites, in this material.

Excitation spectra for several samples with different
dopant concentrations have been measured in order to
discuss the intensity variation of the luminescence from
each (V,Y) cluster site as a function of the dopant con-
centrations. The results for five samples are shown in
Figs. 10 and 11. It is the most evident feature in Fig. 10
that the luminescence intensity from site 4, decreases
drastically with increasing the dopant concentration.
This behavior is quite consistent with the previously in-
troduced defect structure model, in which the site A4, is
an isolated (V,Y) cluster. With increasing the dopant
concentration, on the other hand, the luminescence inten-
sity from site B becomes dominant and that from site X
also grows up.

In order to estimate the relative luminescence intensity
of each site, the integrated area of excitation spectrum is
calculated for each site as the total intensity of lumines-
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FIG. 10. Excitation spectra for the lower Stark component
of the *Dy-"F, luminescence bands measured on the 0.4 mol %
(upper) and 2.7 mol % (lower) doped samples.
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cence of each site. In this procedure the total area of the
excitation spectrum in each sample is normalized to uni-
ty.

Assuming that the relative intensity of the lumines-
cence from the different (Vy,Eu) sites is in proportion to
the existence ratio of these sites, we have estimated the
existence ratio of these sites from the relative intensity of
luminescence among sites 4,, 4,, B, and X. This as-
sumption is not always correct in luminescence studies,
because the quantum efficiency of the luminescence of
Eu’t ions in each site may be different from each other.
In this case, however, the type of local structures of the
sites are all the same essentially; i.e., all sites contain the
(Vo,Eu) pair. Then the quantum efficiencies of absorp-
tion and luminescence at all sites may be expected to be
comparable to each other. For this reason we think that
the assumption holds in this case.

The dopant-concentration dependence of the existence
ratio p(I) of site I (I: A,, A,, B and X) is shown in
Fig. 12 (b) with several marks. From this figure the sites
of Eu®* ions in Y3"-doped CeO, crystal can be classified
into three categories: (1) 4, and A4, sites, which show a
monotonic decrease of existence ratio with increasing
dopant concentration; (2) B site, which shows a max-
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FIG. 11. Excitation spectra for the lower Stark component of
the °Dy-"F, luminescence bands measured on three different
samples with different dopant concentrations.
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imum of existence ratio at about 3 mol % Y,0;; and (3) X
site, which shows a monotonic increase of existence ratio
with increasing dopant concentration. The A4; and 4,
sites are an isolated or quasi-isolated (V,Eu) cluster, as
described in the previous section. Then the behavior of
category (1) seems to be quite reasonable, because the
number of isolated sites should decrease in the high dop-
ing region. In contrast to 4, and A4, sites, the X site is
considered to be the (V,Eu) pair site which is strongly
perturbed by other defects. So the rapid increase of p(X)
indicates that the interaction between local defects be-
comes strong at higher dopant concentrations, especially
above 4 mol % Y,0;.

It is interesting to compare the dopant-concentration
dependence of p(B) and p(X) with that of the ionic con-
ductivity. The maximum of p(B) is observed at about 3
mol % Y,0;, which corresponds to the dopant concen-
tration for the conductivity maximum?® as seen from Fig.
12(a). Furthermore, it should be noted that the rapid in-
crease of p(X) and the rapid decrease of p(B) above 4
mol % seem to be closely related with the rapid increase
of the activation energy for the ionic conduction leading
to the rapid decrease of the ionic conductivity. These re-
sults suggest that sites B and X may be closely related to
the ion conducting mechanism. In other words, the de-
fect interactions between the (V,Eu) cluster and Y% de-

= s
© a) ~ -6
3« . i
6 14 ./ \ OTE
x — o~ n -G
w 1
z /. _J RS
w2 g 10
=z ’
o A >
5 10- a i5°S
x v a \— =
- <«——— AE e g
bt . A . -9%
<o T, — 110’ 3
— | 1 1 L 1 1
=0
QU
Q
—
<
[+ o
w
Sost
w
—
u
>
]

0

0.1

(mol®.)

Y20,

FIG. 12. (a) Dopant-concentration dependence of the ionic
conductivity and activation energy of this system reported by
Wang et al. (Ref. 8). (b) The dopant-concentration dependence
of the existence ratio of the four (V,,Eu) cluster sites. The
dashed line is drawn as a guide to the eye. Other lines represent
the dopant-concentration dependence of the calculated ex-
istence ratio of the sites.
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fect play an important role in the ionic conduction mech-
anism of this material.

We think that the defect interaction between the
(Vo,Eu) cluster and Y3* defects must closely relate to the
distance between them. So we have tried to evaluate the
distance between the (Vy,Eu) cluster and Y3* defects
from the dopant-concentration dependence of
pI) (I: A, A,, and B), in order to clarify a more mi-
croscopic picture of the defect structure and defect in-
teraction in each site. In this procedure we calculate the
dopant-concentration dependence of the existence ratio
of (V,Eu) clusters having Y*' defects at different dis-
tances, assuming that the Y3 defects randomly distri-
bute in crystal. Comparing the calculated results with
experimentally obtained ones, we determine the most
plausible defect structure, i.e., the distance between the
(Vo,Eu) cluster and a Y3" defect in each of the sites
A, A,,and B.

The dopant-concentration dependence of the calculat-
ed existence ratio of several different defects is shown in
Fig. 12(b) by using several different kinds of lines, which
most well reproduce the dopant-concentration depen-
dence of p(I) (I: A;, A,, and B). The solid line in this
figure represents the calculated existence ratio of a defect,
which is a given (V,Eu) pair having no Y3 jons in the
volume confined within the 6NN cation sites. Since site
A is assigned to an isolated (Vy,Eu) cluster defect, it can
be said that the distance between the Eu®* ion and the
6NN is a critical one which causes no interaction be-
tween the (V,Eu) pair and a Y*" ion in this material.
The dotted line represents the dopant-concentration
dependence of the calculated existence ratio of a defect,
which is a given (V,Eu) pair having one Y3 ion at one
of the SNN cation sites. The dot-dashed line represents
the dopant-concentration dependence of the calculated
existence ratio of a given (V,Eu) defect, which is calcu-
lated by assuming less than five Y3* ions in the region
confined within the 4NN cation sites, which consist of 54
cation sites.

The 7F, state of the Eu®* ion at site B splits into three
Stark components. This face suggests that the interac-
tion between the (V,Eu) pair and Y** ions at site B is
strong enough to change the C;, symmetry at this site
into a lower one. The evidence of such a strong interac-
tion between the (V,Y) pair and Y>* is not observed in
the luminescence from sites 4, and A4,, where the upper
Stark components are degenerate. This result indicates
that the distance between the 4NN ions and Eu*" ion is
the critical one for the beginning of the interaction be-
tween the Eu®" ion and the other defect.

The dopant-concentration dependence of the existence
ratio of site X cannot be fitted by the simple defect model
as used in the above discussion. Therefore, the dashed
line in Fig. 12(b) is drawn as a guide to the eye. The local
structure of site X may be more complex, which is defect
clusters having several dopant ions and oxygen vacancies.
However, it should be mentioned here that the peak
wavelength variation of the luminescence from site X on
the excitation wavelength is similar with that from site X
as seen in Fig. 5. This similarity strongly suggests that
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the basic structure of all defects may be the same; i.e., the
main structure in all defects is a (V,Eu)-type cluster,
while the local structure of the site X is more complex
than that of other sites.

In the above discussion, we consider that only Y** de-
fects interact with the (V,Eu) cluster and the influence
of other V, defects is neglected in the dilute range of
dopant. This assumption should be verified, if possible,
by other experimental methods.

Now, we consider the relationship between the defect
interaction and the ionic conductivity in this material.
The activation energy of ionic conduction decreases with
increasing dopant concentration and shows a minimum
at about 4 mol % Y,0;. In the region below 4 mol %
Y,0;, the decrease of p( 4,) and p( 4,) and the increase
of p(B) are observed. This result indicates that the in-
teraction between an isolated (V,Eu) pair and a Y ion
rapidly grows up with increasing the dopant concentra-
tion in this region. We discuss the influence of this in-
teraction on the ionic diffusion by using the schematic
model shown in Fig. 13. Let a (Vg,Eu) or (V,Y) pair
placed at the center in this figure interact with Y>* ions
located in cation sites within the critical distance, which
is defined as the distance for beginning of the interaction
between the (V,Eu) pair and the Y** ions. Then the in-
side of a solid circle is the interaction space in this figure.
Increasing the dopant concentration, the mean distance
between dopant ions will become short and, at last, short-
er than the critical distance. If a vacancy associated with
an Y*' ion migrates under this situation, the completely
free V never exists, since the Y3 ions located inside the
critical distance always exist around the V. This causes
a decrease of the association energy and, in consequence,
the decrease of the activation energy for ionic conduction
which is the sum of the association and migration ener-
gies in this diffusion process.

The decrease of activation energy in a dilute region of
dopant was observed for the first time by Wang et al.®
with an electrical measurement method. They ensured
that the decrease of activation energy is due to an electro-
static interaction between the (V,Y) pair and Y** ions.
The present result is consistent with their proposed
mechanism.

From the above discussion, it is found that the op-
timum mean distance between dopant ions exists, where
the activation energy will become the minimum value
leading to the maximum value of conductivity. At the
same time, the existence ratio of site B gives the max-
imum. Increasing the dopant concentration, the mean
distance between them becomes shorter than the critical
distance shown in Fig. 13, and finally, for a very high
dopant concentration, more than one Y3* ion or oxygen
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FIG. 13. Schematic crystal structure of CeO,. The solid
straight lines represent the oxygen sublattice and oxygen vacan-
cies exist at the cross points of the two lines. The number I in
the open circles represents the Ith NN ion site. The large solid
circle represents the critical distance from the Eu’* ion (de-
tailed discussion is given in the text).

vacancy will interact with the (V,Y) pair. This situation
causes the increase of activation energy and the decrease
of ionic conductivity and, furthermore, the rapid increase
of the existence ratio of site X. The complex defect in-
teraction in higher dopant concentration must be investi-
gated by future experiments.

V. CONCLUSION

Site-selective spectroscopy has been applied to a su-
perionic conducting system, rare-earth-doped CeO,. Six
different sites of the Eu®" ion are classified, and models
of the local structure around these defects are proposed.
The existence ratio of different sites is estimated from the
dopant-concentration dependence of luminescence inten-
sity. This analysis reveals that the (V,Y) pair plays an
important role for the ionic conduction in this system.
Furthermore, it was made clear in this study that the
dopant-concentration dependence of the conductivity and
the activation energy can be explained essentially by con-
sidering the interaction between the (V,,Y) pair and oth-
er defects in the region from 0.2 to 20 mol % Y,0;.
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