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In this paper we report on the laser-excited Raman and luminescence spectroscopy of a
series of ceria-zirconia mixed oxides, containing trivalent lanthanide ions as unintentional
impurities, using 488.0-, 514.5-, and 1064.0-nm excitation wavelengths. We assigned the
main bands located at Stokes shifts higher than 800 cm-1 from the laser lines to f-f emission
transitions of Pr3+, Nd3+, Ho3+, and Er3+ ions. These ions can also be used as spectral probes
of the cation sites in the solid solutions as their transition intensities are found to be
dependent on the local symmetry of the sites in which they are accommodated. f-f emission
transitions have also been found to overlap the vibrational Raman bands for Stokes shifts
lower than 800 cm-1 from the laser lines. To overcome possible ambiguities in the structural
information extracted from the Raman spectra, at least two laser excitation lines must be
used.

Introduction

Ceria-zirconia mixed oxides are extensively investi-
gated due to their applications in the field of catalysis,
particularly in the abatement of automotive emissions
(three-way catalysts, TWCs).1 These materials are also
attractive promoters for reforming2,3 and water-gas
shift4 reactions. Moreover, their good ionic mobility has
recently opened promising perspectives for their use as
solid-state conductors (e.g., in fuel cells).5,6 The presence
of defects due to the insertion of the smaller Zr4+ ion
into the CeO2 lattice has been shown to play a key role
in many applications of these oxide materials, as it

confers unusual properties to the mixed oxides with
respect to simple materials such as CeO2.7-9

Solid-state synthesis, high-energy milling, coprecipi-
tation, microemulsion precipitation, sol-gel synthesis,
and combustion synthesis have been deeply investigated
with the common target of obtaining stable single-phase
ceria-zirconia solid solutions.10 Therefore, the general
formula CexZr1-xO2 is regularly used to indicate the
statistical substitution of a fraction of the cerium with
zirconium, in the final product. However, the homoge-
neity and the phase purity of the products is still a
matter of debate.10 This is particularly evident in the
case of high surface area materials obtained for catalytic
applications. In fact, the low calcination temperatures
employed to obtain a high surface area sample do not
allow unambiguous detection of a single-phase product.
The CexZr1-xO2 phase diagram has been extensively
studied by Yashima et al.11-13 and it may be sum-
marized as follows. Below 1273 K, for x > 0.85 a cubic,
fluorite-type phase c is formed (Fm3m), while for x <
0.10, a monoclinic phase (group P21/c) is present. A
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thermodynamically stable t (tetragonal, P42/nmc) phase
can be formed at high temperature by solid-state
synthesis and upon cooling to room temperature it is
obtained in the composition range 0.10 < x < 0.30, while
the metastable t′ phase is observed for 0.30 < x < 0.65.
Finally, the t′′ or pseudo-cubic phase (also metastable)
is intermediate between the c and t′ phases (0.65 < x <
0.85 or 0.5 < x < 0.85 for small particles). This is
characterized by a cubic cation sublattice, while its
oxygen sublattice is tetragonally distorted (P42/nmc).
The phase boundaries should be considered rather
approximate due to the fact that, in the case of the
metastable tetragonal phases, the distortion of the
fluorite-type structure is highly dependent on the
particle size and therefore on the thermal history of the
sample. More recently, two new tetragonal phases,
designated k and t*, have been reported.14,15 ZrO2 is
monoclinic at room temperature (space group P21/c).
Notably, Raman spectroscopy plays a key role in the
identification of all these phases, as well as in the
determination of the mechanical stress.16 In fact, while
powder XRD patterns are essentially determined by the
arrangement of the cations (M), laser-excited Raman
spectra are sensitive to M-O bonds. In addition, useful
and complementary structural information can be ob-
tained from neutron diffraction7 and EXAFS data.17-22

Efforts to establish a correlation between structure and
reactivity of these materials have been a common
approach to the majority of investigations concerning
ceria-zirconia materials. Distortion in the oxygen
sublattice,9,19-21 highly disordered oxygens coordinated
around zirconium,22 formation of ordered defective
pyrochloric structures,15,23,24 and the presence of surface
domains25,26 have been invoked as justifications for the
improved redox properties of CexZr1-xO2 with respect
to CeO2.

The presence of lanthanide ions as unavoidable
impurities at the ppm or ppb level in cerium- or
zirconium-based reagents is a well-known problem.27,28

This is particularly evident in commercial materials,

where economic reasons limit the use of expensive high-
purity reagents. However, the implications of the pres-
ence of such impurities on the structural characteriza-
tion of CexZr1-xO2 are underestimated. In fact, laser-
excited luminescence spectra of trivalent lanthanide ion
impurities can superimpose to the Raman bands. These
aspects becomes even more critical considering the fact
that many lanthanide ions are used as structural
dopants of ceria-zirconia solid solutions to improve
redox properties,29,30 surface area,31 and phase stabil-
ity.32 For these reasons, we have found it interesting to
carry out a detailed investigation of the laser-excited
luminescence spectra of a series of CexZr1-xO2 mixed
oxides, formally undoped but in fact unintentionally
doped with trivalent lanthanide ion impurities. It should
be noted that we decided to adopt the solid-state
synthesis for the preparation of the present CexZr1-xO2
mixed oxides in order to obtain highly crystalline-low
surface area samples, which can be structurally char-
acterized with conventional techniques. The obtained
ceramic materials are therefore more representative of
electrolytes for SOFC than of catalyst components.
Nevertheless, it should be underlined that the severe
working conditions (peak temperature above 1273 K)
of the TWC induce a strong sintering of the ceria-
zirconia-based catalyst.1 Therefore, the present samples
could also be considered as model spentsstrongly
deactivatedsTWC components. Further work is in
progress to extend the use of laser-excited lanthanide’s
luminescence for the structural investigation of high
surface area samples. The first aim of this study is to
highlight the potential limitations in the use of single-
laser excitation Raman spectroscopy for structural
determination. As a second target, lanthanide ions may
be utilized as valuable spectral probes33-35 to obtain
information about the distortion of the lattice, about the
location of the lanthanide dopants, and in general on
the defective structure of ceria-zirconia solid solutions.
The structural information obtained from this spectro-
scopic tool is compared to the one previously obtained
from other investigation techniques, such as XRD,
Raman, and EXAFS.

Experimental Section

Nominally undoped mixed oxides CexZr1-xO2 (x ) 0, 0.10,
0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, and 1.00) were
prepared by solid-state synthesis, by firing at 1873 K for 1 h
a mixture of powders of reagent-grade CeO2 (Medolla) and
ZrO2 (Hartshaw 102) in appropriate ratios. X-ray fluorescence
analysis was unable to detect the presence of lanthanide
impurities. Structural characterization was previously per-
formed by powder XRD and EXAFS.20,36
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Room-temperature Raman and luminescence spectra in the
visible and the near-infrared regions were excited at 488.0 or
514.5 nm using an Ar laser or at 1064 nm using a Nd:YAG
laser. Spectra were obtained on either a Perkin-Elmer 2000
FT-Raman spectrometer with a diode-pumped YAG laser (1064
nm) and a room-temperature super InGaAs detector, using a
laser power of 600 mW or a Renishaw S1000 system with an
Ar ion laser (514.5 nm) operating in the backscattering
geometry. In this latter case the power delivered to the sample
was about 5 mW. Finally, the 488.0-nm line of an argon laser
was also used to excite room-temperature spectra (exciting
power of 100 mW). The scattered signal was passed through
a suitable notch filter, collected with a 1-mm-diameter fiber
and guided to a 0.46-m single monochromator (Jobin-Yvon)
equipped with a CCD detector. A 1200 grooves mm-1 grating
was used to collect the spectra (resolution ≈ 0.05 nm). For
these spectra, the presence of the notch filter does not allow
the detection of spectra features less than 250 cm-1 from the
laser line.

Results and Discussion

Lanthanide Luminescence Spectroscopy. The
Raman spectra of ceria-zirconia solid solutions reported
in the open literature are generally presented showing
the spectral region 200-1000 cm-1, where Raman active
lattice phonons are expected. To the best of our knowl-
edge, there are only a few exceptions, such as those
reported in refs 37-39 where the spectral region has
been extended up to 3600 cm-1. In these cases the
appearance of unexpected bands located at Raman shifts
higher than 1000 cm-1 led to contradictory and some-
times doubtful interpretations. To fully understand both
the nature of the Raman bands and the origin of the
observed additional bands, we recorded the room-
temperature laser-excited spectra for the nominally
undoped series of CexZr1-xO2 mixed oxides measured
upon excitation at 488.0, 514.5, and 1064 nm (20490,
19440, and 9398 cm-1, respectively). The results are
presented in Figures 1-3. The features located at Stokes
shifts lower than 800 cm-1 from the excitation line have
been previously assigned to Raman active lattice
phonons.12,21 The Raman bands are only barely observ-
able in the case of pure ZrO2 excited with λ ) 488.0 nm
due to the presence of broad emission bands which
extend over great parts of the visible range and overlap
and obscure the Raman peaks. These emission bands
are assigned to transitions typical of the zirconia
lattice.40-42 It is also remarkable that the relatively
sharp features characterized by a Stokes shift higher
than 800 cm-1 are clearly observed in CexZr1-xO2 only
for x ranging from 0 to 0.60-0.70; for x g 0.70 their
intensity appears to be vanishing. These bands are
therefore typical of the zirconia-rich part of the series
under investigation.

Relatively well-resolved bands with a Stokes shift
higher than 800 cm-1 from the laser excitation line have

been previously observed in zirconia-based oxides and
have been assigned to electronic transitions in impurity
ions28 or to phonon-mediated de-excitation of excited
states of the impurity-doped ZrO2 lattice.43 The wave-
length of the features located in the visible region does
not appear to shift when the incident laser wavelength
changes from 488.0 to 514.5 nm; moreover, the features
present in the spectrum excited at 1064 nm appear to
be completely different from the ones present in the
other spectra. This evidence strongly suggests that the
bands having a Stokes shift higher than about 800 cm-1

cannot be ascribed to vibrational modes and conse-
quently must be due to electronic emission transitions.
The spectral positions of these bands and their sharp-
ness clearly indicate that they are due to f-f transitions
of Ln3+ ions present as unintentional impurities in the
material. In fact, the quantum efficiency of the lumi-
nescence from several excited states originating from
the 4fN configurations is expected to be high in these
mixed oxides, due to their low vibrational frequencies.44

The relatively inefficient multiphonon relaxation should
allow predominantly radiative emission from excited
states separated by at least 2500 cm-1 from the lower
lying levels.33

This assignment agrees with recent results obtained
in the case of dynamically compacted monoclinic ZrO2
in which low-level impurities of Sm3+ were evidenced
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Figure 1. Emission spectra of CexZr1-xO2 mixed oxides (λexc

) 488.0 nm). (1) ZrO2, (2) Ce0.10Zr0.90O2, (3) Ce0.20Zr0.80O2, (4)
Ce0.30Zr0.70O2, (5) Ce0.40Zr0.60O2, (6) Ce0.50Zr0.50O2, (7) Ce0.60-
Zr0.40O2, (8) Ce0.70Zr0.30O2, (9) Ce0.80Zr0.20O2, (10) Ce0.90Zr0.10O2,
and (11) CeO2.
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from the visible luminescence spectra.28 It must be noted
that optical luminescence (albeit excited by X-rays) has
already been proposed in 1974 as an analytical tool to
detect low-level lanthanide impurities in ZrO2 (with
detection limits 0.02-0.05 ppm). In particular, impuri-
ties of trivalent Gd, Sm, Dy, Eu, and Pr have been
evidenced and quantified in nuclear-grade zirconia
using this analytical procedure.27

On the basis of the well-known energy level diagram
for the trivalent lanthanide ions (Figure 4) and pub-
lished compilations of transition wavelengths,45,46 the
strongest bands above 800 cm-1 shown in Figures 1-3
are assigned to specific f-f transitions as reported in
Table 1. In particular, the spectrum measured upon
488.0-nm excitation (Figure 1) shows sharp bands
peaking at about 525, 545-550, and 560 nm, which are
assigned to the transitions 2H11/2 f 4I15/2 of Er3+, (5F4,
5S2) f 5I8 of Ho3+, and 4S3/2 f 4I15/2 of Er3+, respectively.
In fact, the 488.0-nm incident radiation can efficiently
populate the 4F7/2 and 5F3 excited states of Er3+ and
Ho3+, respectively; multiphonon relaxation subsequently
leads to the population of the thermalized excited states
(2H11/2, 4S3/2) and (5F4, 5S2),47,48 from which emission
transitions originate (Figure 4). These transitions are

of electric dipole origin and usually dominate the
luminescence spectra of these ions in solid hosts. Their
intensities are given by the Judd-Ofelt theory, which
imposes selection rules on the total angular momentum
quantum number J, and not on the quantum numbers
L and S.49
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Figure 2. Emission spectra of CexZr1-xO2 mixed oxides (λexc

) 514.5 nm). (1) ZrO2, (2) Ce0.10Zr0.90O2, (3) Ce0.20Zr0.80O2, (4)
Ce0.30Zr0.70O2, (5) Ce0.40Zr0.60O2, (6) Ce0.50Zr0.50O2, (7) Ce0.60-
Zr0.40O2, (8) Ce0.70Zr0.30O2, (9) Ce0.80Zr0.20O2, (10) Ce0.90Zr0.10O2,
and (11) CeO2.

Figure 3. Emission spectra of CexZr1-xO2 mixed oxides (λexc

) 1064.0 nm). (1) ZrO2, (2) Ce0.10Zr0.90O2, (3) Ce0.20Zr0.80O2, (4)
Ce0.30Zr0.70O2, (5) Ce0.40Zr0.60O2, (6) Ce0.50Zr0.50O2, (7) Ce0.60-
Zr0.40O2, (8) Ce0.70Zr0.30O2, (9) Ce0.80Zr0.20O2, (10) Ce0.90Zr0.10O2,
and (11) CeO2.

Figure 4. Schematic illustration of the energy levels of Pr3+,
Nd3+, Ho3+, and Er3+ below 23000 cm-1.
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We note that upon 488.0-nm excitation efficient
emission is also observed around 880 nm (not shown).
This band is assigned to the 4F3/2 f 4I9/2 electric dipole
transition of Nd3+; in fact, the laser incident radiation
is close to absorption transitions terminating on a group
of Nd3+ excited levels (2K15/2, 2G9/2, 2D3/2, 4G11/2). Multi-
phonon relaxation then populates the 4F3/2 luminescent
state (Figure 4).

The spectrum obtained upon excitation at 514.5 nm
(Figure 2) is similar to the one shown in Figure 1, but
the Raman bands overlap the 2H11/2 f 4I15/2 band of Er3+

peaking at 525 nm (see below). In this case, the incident
radiation is close to the 4I15/2 f 2H11/2 absorption
transition of Er3+. On the other hand, the laser radiation
is not exactly resonant with any absorption transitions
of the Ho3+ ion, but anyway the exciting light is
sufficiently absorbed, to give rise to a significant popu-
lation of the upper states of the emission transitions.

The spectrum collected with excitation wavelength
equal to 1064 nm is shown in Figure 3. The main peaks
are located at about 1340 and 1530 nm. These features
are assigned to the transitions 1G4 f 3H5 of Pr3+ and
4I13/2 f 4I15/2 of Er3+, respectively. In this case the
incident radiation populates directly the 1G4 state of
Pr3+ and the 4I11/2 state of Er3+; the latter subsequently
relaxes in a nonradiative way to the lower lying 4I13/2
state. The two transitions identified above have both
an electric dipole and a magnetic dipole character.

The luminescence spectra therefore indicate the pres-
ence of unintentional low-level Pr3+, Nd3+, Er3+, and
Ho3+ impurities in the reagents employed in the syn-
thesis of the mixed oxides. The intensity of these
features is roughly comparable to bands located below
800 cm-1 previously assigned to Raman bands and
therefore is low for emission transitions Therefore, the
impurities could be present at the ppm (or even lower)
level, and this is certainly compatible with the reagents
used in the synthesis. In fact, it must be noted that
visible luminescence from the Er3+ and Tm3+ ions was
recently observed in Yb3+-doped silicate glasses, con-
taining Er3+ and Tm3+ ions as unintentional impurities
with a concentration of 3 and 10 ppm, respectively,
following excitation at 975 nm.50 In these conditions the
emission requires an upconversion process, which in
similar cases shows an efficiency ,1%,51 while in the
present case the luminescence follows direct excitation
of the emitting levels, or of states located just above
them. So Ln3+ ions at ppm or sub-ppm concentration
can be responsible for the observed bands.

We point out that no visible emission band is at-
tributed to the Pr3+ ion, despite the fact that Pr3+ can

give rise to visible luminescence upon 488.0-nm excita-
tion.52 This is compatible with the presence of fast
nonradiative relaxation of the 3P0 state of Pr3+ as
observed in several simple and mixed oxides.52,53

Finally, it should be mentioned the fact that the
relatively low cooling rate used for the synthesis of the
present materials might lead to the formation of Ce3+

sites, as suggested by density measurements36 and by
the light-blue color of the ceria-rich samples. The 2F5/2
f 2F7/2 electronic transition of Ce3+ species present in
ZrO2-CeO2-Y2O3 solid solutions was invoked to explain
a band observed around 2100 cm-1 37 in the Raman
spectrum. This band would require an electronic Raman
scattering mechanism, but in the spectra of the materi-
als under investigation we find no clear evidence for it.

Lanthanide Ions as Spectroscopic Probes: Struc-
tural Information. The unintentional lanthanide im-
purities can be used as spectroscopic probes of the cation
site symmetry in the materials under investigation. In
fact, the f-f transitions appear to be clearly detectable
in the pure ZrO2 sample upon 514.5-nm excitation
(Figure 2), indicating that the lanthanide ions are
present in this starting reagent, where presumably the
impurity ions substitute for Zr4+ in a site of low
symmetry (C1).

However, the intensity of these bands (relative to the
Raman bands) does not appear to decrease strongly with
x up to x ) 0.60-0.70. This clearly indicates that in the
zirconia-rich mixed oxides the sites occupied by the Ln3+

impurities are characterized by a relatively low sym-
metry. In fact, the f-f electric dipole transitions are
parity forbidden, and their purely electronic intensity
is nonvanishing only if the point symmetry of their sites
has no center of inversion. Moreover, the higher the
distortion of the Ln3+ sites, the stronger the intensity
of the f-f electric dipole transitions.33,49

As described above, for x g 0.70, a rather abrupt
change is observed, and the f-f transition intensities
drastically decrease to the point that in CeO2 no
significant luminescence is detected. The presence of
this abrupt change in intensity does not seem to be due
only to a preferential presence of the trivalent lan-
thanide impurities in the ZrO2 starting reagent, rather
than in CeO2, as this would give rise to a smooth
decrease of the f-f transition intensities when x in-
creases. For this reason, we suggest that the decrease
in the luminescence intensity could be due to a decrease
of the electric dipole transition probability related to an
abrupt increase of the Ln3+ site symmetry. On this
basis, we propose that in the ceria-rich mixed oxides (x
g 0.70) the sites available for the Ln3+ are probably
highly symmetric, and possibly similar to the Ce4+ sites
in CeO2, having a fluorite structure. In fact, these sites
are centrosymmetric (they are of Oh symmetry in the
Fm3m space group) and therefore purely electronic
electric dipole f-f transitions are forbidden. On the
other hand, for x ) 0.60-0.20 the metal ions Zr4+ and
Ce4+ are accommodated in sites having D2d symmetry
in the tetragonal P42/nmc space group; these sites are

(50) Schaudel, B.; Goldner, P.; Prassas, M.; Auzel, F. J. Alloys
Compd. 2000, 300, 443.

(51) Vetrone, F.; Boyer, J. C.; Capobianco, J. A.; Speghini, A.;
Bettinelli, M. Appl. Phys. Lett. 2002, 80, 1752.

(52) Del Longo, L.; Ferrari, M.; Zanghellini, E.; Bettinelli, M.;
Capobianco, J. A.; Montagna, M.; Rossi, F. J. Non-Cryst. Solids 1998,
231, 178.

(53) Donega, C. D.; Meijerink, A.; Blasse, G. J. Phys. Chem. Solids
1995, 56, 673.

Table 1. Assignment of the Emission Bands in the
Laser-Excited Emission Spectra of Nominally Undoped

CexZr1-xO2 Mixed Oxides

λ emission (nm) ion transition

525 Er3+ 2H11/2 f 4I15/2
545 Ho3+ (5F4, 5S2) f 5I8
560 Er3+ 4S3/2 f 4I15/2
890 Nd3+ 4F3/2 f 4I9/2

1330 Pr3+ 1G4 f 3H5
1540 Er3+ 4I13/2 f 4I15/2

1942 Chem. Mater., Vol. 16, No. 10, 2004 Fornasiero et al.



not characterized by the presence of the center of
inversion and f-f electric dipole transitions in the
substitutional Ln3+ ions can become allowed. Finally,
for x ) 0.10, the solid solution is monoclinic and belongs
to P21/c space group, with metal ions in sites with C1
symmetry, which is compatible with allowed f-f electric
dipole transitions for the Ln3+ ions. The structural
behavior obtained by XRD and EXAFS21,36 (Table 2)
seems to be therefore in good agreement with the
observed behavior of the intensities of the f-f transi-
tions of the unintentional impurities, which can act as
structural probes of the symmetry of the sites occupied
by the metal ions. This conclusion is based on the
assumption that the lanthanide impurities are located
in sites whose symmetry positions are representative
of those of the normal positions in the cationic sublat-
tice. On the other hand, in the case of materials
consisting of more than one phase, the impurities could
also be preferentially concentrated in phase boundary
regions. Presently, we have no evidence for this behav-
ior, but we cannot completely rule out this possibility.
However, we point out that a preferential concentration
of the lanthanide ions in the phase boundary would
imply a sizable interaction among them. This should be
particularly evident in our highly sintered materials,
with crystallite dimensions higher than 100 nm, since
the contribution of the surface and therefore also of the
phase boundaries is limited. Lanthanide clusterization
would lead to nonradiative relaxation mechanisms of
the excited states and to a significant quenching of the
luminescence. The present spectra show that the lumi-
nescence is strong (for low-level impurities), and the
radiative emission does not seem to be significantly
quenched by ion-ion interactions.

Presence of Luminescence in the Raman Re-
gion. Careful inspection of Figures 1-3 shows that
luminescence bands related to Ln3+ impurities could
also be located at Raman shifts lower than 800 cm-1 in
the spectra of the mixed oxides under investigation. In
fact, the spectra of pure CeO2 exhibit a sharp single
band at about 465 cm-1, which is due to the F2g Raman
active mode typical of fluorite structured materials
(space group Fm3m).54 For ceria-zirconia solid solutions
with cerium content above 60 mol % (x g 0.60), the
Raman region is still dominated by the strong band at
about 465 cm-1, which shifts to lower frequency as the

cerium content decreases. For Ce0.20Zr0.80O2 and Ce0.30-
Zr0.70O2 6 bands are observed in the Raman spectra at
about 137, 240, 310, 452, 590, and 616 cm-1, regardless
of the laser excitation wavelength, as expected for a
tetragonal solid solution. However, with use of the
514.5-nm line of the Argon ion laser, a strong band at
404 cm-1 with a shoulder at 373 cm-1 appears for the
CexZr1-xO2 samples having 0.20 e x e 0.50 (see Figure
5 as an example). These features are not present in the
spectra collected using the 488.0- and 1064-nm line of
the Argon and Nd:YAG lasers and therefore must be
associated with luminescence. Their wavelength posi-
tion (around 525 nm) is compatible with the 2H11/2 f
4I15/2 transition of Er3+, already observed in the spectra
excited at 488.0 nm (see above). Similarly, the spectra
recorded using the 1064-nm line show a very strong
band around 560 cm-1 for 0.20 e x e 0.40 (512 cm-1 for
the sample with x ) 0.40), which is absent in the other
Raman spectra. Again, this feature has to be assigned
to a luminescence transition in a Ln3+ impurity, whose
nature has not yet been identified.

(54) Spanier, J. E.; Robinson, R. D.; Zheng, F.; Chan, S. W.; Herman,
I. P. Phys. Rev. B 2001, 6424, 5407.

Table 2. XRD and EXAFS Characterization of Nominally Undoped CexZr1-xO2 Mixed Oxides from Refs 21 and 36

XRD

cubic phase tetragonal phase t′ tetragonal phase t′′ monoclinic phasea EXAFS

X
CexZr1-xO2

a ) b ) c
(Å) (%)

a ) b
(Å)

c
(Å) (%)

a ) b
(Å)

c
(Å) (%)

a
(Å)

b
(Å)

c
(Å) (%) C.N.b

Zr-O
(Å) C.N.b

Ce-O
(Å)

1.0 5.407 (100)
0.9 5.379 (100)
0.8 5.353 (100) (4) 2.164 (8) 2.330

(2) 2.329
0.7 5.350 (100)
0.6 5.301 (100) (4) 2.134 (8) 2.316

(2) 2.328
0.5 5.260 5.304 (100) (3) 2.117 (8) 2.31

(2) 2.325
0.4 5.298 (11) 5.224 5.284 (67) 5.142 5.241 (22)
0.3 5.319 (6) 5.224 5.284 (17) 5.142 5.241 (77)
0.2 5.151 5.239 (100) (4) 2.089 (8) 2.295

(4) 2.301
0.1 5.333 5.210 5.172 (100)

a â ) 98.78. b C.N. ) coordination number.

Figure 5. Emission spectra of Ce0.20Zr0.80O2 mixed oxides
(trace (1) obtained with λexc ) 1064.0 nm, trace (2) obtained
with λexc ) 514.5 nm, and trace (3) obtained with λexc ) 488.0
nm). Luminescence bands are highlighted in shadow.
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We point out that the present Ce0.30Zr0.70O2 and Ce0.40-
Zr0.60O2 samples are a mixture of respectively tetragonal
t phase (77 and 22%), t′ phase (17 and 67%), and cubic
phase (6 and 11%) (Table 2).21 As already discussed,
lanthanide impurities located in highly symmetric sites,
such as those in the cubic phase, do not lead to
luminescence bands. For the two tetragonal phases, the
local symmetry around the trivalent lanthanide impuri-
ties should not be significantly different, leading to
similar luminescence contribution. Therefore, the f-f
transitions observed in these two samples must be
considered as an average of the f-f emission from the
two tetragonal phases.

The Ce0.10Zr0.90O2 shows major bands at 627, 609, 471,
377, 331, 208, 182, and 170 cm-1, which closely resemble
those of pure monoclinic zirconia. Our reference mono-
clinic ZrO2 shows bands at 632, 613, 473, 377, 332, 218,
189, and 177 cm-1, which are similar to those previously
observed for pure monoclinic zirconia.55-57

Conclusions

In this paper we have analyzed and discussed the
laser-excited emission spectra of a series of ceria-
zirconia mixed oxides. It has been possible to assign the
major bands shifted more than 800 cm-1 from the laser
excitation line to f-f emission transitions in Pr3+, Nd3+,
Ho3+, and Er3+ ions present as unintentional impurities

in the starting reagents, probably at ppm or sub-ppm
concentration. We have shown that the intensities of
these bands can be interpreted on the basis of the local
structure of the cation sites in the ceria-zirconia solid
solutions as obtained from crystallographic investiga-
tions. The lanthanide ions present as impurities can
therefore be considered as useful spectroscopic probes
of the site symmetry of the metal ions. In fact, their very
low concentration makes them ideal probes, as it
prevents unwanted effects, such as distortion of the host
lattice, formation of clusters, inhomogeneous broaden-
ing, and luminescence quenching through cross-relax-
ation processes. Trivalent lanthanide luminescence
transitions also appear to be present for wavenumbers
lower than 800 cm-1 from the laser excitation line, that
is, in the spectral region usually associated only with
Raman bands. For this reason we point out that
structural information obtained exclusively from the
analysis of Raman spectra measured only with one laser
line could be flawed by the presence of impurity emis-
sions bands.
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