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Polycrystalline samples of BaCe,Zr,_,O; were prepared by
solid state reaction. X-ray diffraction measurements show that
all compounds are single-phase and XRD patterns can be in-
dexed on the basis of the ideal perovskite structure. However,
Raman data show that BaCe,Zr,_,.O; exhibits slight x-depen-
dent distortions from the ideal perovskite structure. Indeed the
evolution of Raman spectra of BaCe,Zr,_,O;, as x decreases at
room temperature or as temperature increases for a given
x value, is similar to the evolution of Raman spectra of BaCeQO;
as temperature increases. These observations lead us to propose
a phase diagram in the binary system BaCeQO;—-BaZrO; based
on the known structures of BaCeQ; (Pnma, Imma, R3c, and
Pm3m).

© 1998 Academic Press

1. INTRODUCTION

Among perovskite-type electrolytes, rare earth-doped
BaCeOj; exhibits a good proton conduction in atmospheres
containing hydrogen and/or water vapor at elevated tem-
peratures (1). However, this compound is not stable enough
from chemical and mechanical points of view for electro-
chemical applications (2). BaZrO3; has been found to be
chemically more stable and to have better mechanical prop-
erties with respect to BaCeOs (2). Nevertheless proton con-
duction in doped zirconates is lower (2).

A recent study of the Yb-doped SrCe.Zr;-.O3 solid
solution (3) showed an enhancement of the mechanical
properties without loss of the electrical conductivity for
x = 0.75. As rare earth-doped BaCeOj3 is the prototype for
ceramic protonic conductors, it was interesting to study the
effect of Zr substitution for Ce in this material.

In this paper, we present a structural study of seven
compositions in the system BaCe,Zr; - O3 (x = 1, 0.8, 0.6,
0.4, 0.2, 0.1, and 0) by X-ray diffraction and Raman spectro-
scopy: A complete solubility of BaCeO3; and BaZrOj; is
found. As the two end members belong to different crystal-
lographic space groups (orthorhombic Pnma for BaCeOs3 (4)
and cubic Pm3m for BaZrOs; (5)), this result is somewhat
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surprising. As a consequence, the structure of the mixed
compounds evolves gradually from one structure to the
other. This evolution is followed by Raman spectroscopy.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation

BaCe,Zr; _,0O; (0 < x < 1) samples were prepared by
solid state reaction. High purity powders of BaCOj;
(Rhone-Poulenc), CeO, (Rhodne-Poulenc), and ZrO,
(Tosoh) in stoichiometric amounts were mixed for 15 h. The
mixture was first calcined in air at 950°C for 15 h in order to
prevent an irreversible expansion during sintering due to
BaCOj; decarbonatation. Powders were then ground in an
agate mortar and pressed into pellets at an uniaxial pressure
of 50 MPa followed by isostatic pressure at 250 MPa.
Sintering was performed in air at 1500°C for 10 h. A wet
chemical analysis showed that the Ce/Zr ratio was that
expected for all samples. Electrical impedance measure-
ments were performed in air up to 900°C and there was no
indication of an electronic conduction: Ce and Zr are there-
fore assumed to be in a 4+ state.

2.2. X-Ray Diffraction Measurements

Routine X-ray diffraction measurements were carried out
at room temperature using a Siemens 0/20 diffractometer
with CuKo; radiation. Cell parameter refinements were
performed with the software Unit Cell (6). Positions, areas,
and half-widths at half maximum (HWHM) of X-ray dif-
fraction peaks were determined by deconvolution of Gaus-
sian-shaped peaks with Peakfit software (JANDEL).

2.3. Raman Spectroscopy

The exciting line of an argon ion laser (wavelength of
514.53 nm) was focused on samples through an objective
(G =50x) of a microscope and the scattered light was
collected in a backscattering geometry. For all samples,
Raman spectra were also collected at room temperature
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with the 488.00-nm line of the same laser. There was no
difference in the Raman spectra with both wavelengths.
A laser power of 20 mW, which corresponds to about 4 mW
on sample surface, was used to avoid overheating. Raman
spectra were obtained using a DILOR XY spectrometer
with a CCD detector cooled with liquid nitrogen.

Samples were put in a LINKAM HFS 91 cooling—heating
device placed underneath the microscope in 80% N,—20%
O, dry atmosphere. Their Raman spectra were recorded
between room temperature and 873 K. Band position and
width were determined with the Peakfit software JANDEL)
using Lorentzian-shaped functions.

3. RESULTS
3.1. X-ray Diffraction

XRD patterns of BaCe,Zr; -, O; (0 < x < 1) samples are
shown in Fig. 1. The room temperature structure of BaCeO3;
is orthorhombic (Pnma). It corresponds to a small distortion
of the cubic structure, which was demonstrated using neu-
tron diffraction by Jacobson (4). BaCeO; evolves slowly
toward cubic ideal perovskite structure upon heating: phase
transitions occur at 560 K (orthorhombic, Imma), at 670 K
(rhombohedral, R3c¢), and at 1170 K (cubic, Pm3m) (7, 8).
This cannot be easily observed using X-ray diffraction
measurements because of the very small distortion of the
ideal cubic structure. On the other hand, BaZrOj is cubic at
room temperature (5, 9).

All XRD patterns were analyzed in the approximation of
a cubic unit cell. The averaged a parameter is shown as
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a function of x in Fig. 2. The relationship between a and x is
roughly linear. The a value for BaZrO; (4.1918 A) is consis-
tent with the published one (5) and that for BaCeO;
(4.3867 1&) is similar to the average value obtained from
neutron diffraction (7).

A closer examination of the line shapes shows that their
full width at half maximum (FWHM) is not constant
(Fig. 3). The smallest FWHMs are obtained for BaZrOs;.
Peaks are slightly broadened for BaCeOj: this can be at-
tributed to its orthorhombic distortion. For all peaks, the
FWHM presents a maximum between x = 0.4 and x = 0.6.

3.2. Raman Spectroscopy

Room temperature Raman spectra of BaCe.Zr;_,O;
(0 < x < 1) samples are shown in Fig. 4. For x =0 and
x = 0.1, Raman spectra show a very low intensity (notice the
multiplicative factors of 18 and 33 in Fig. 4) and only broad
bands are visible. This result is expected for materials be-
longing to the Pm3m space group. In principle, there should
be no Raman spectrum, as it has been pointed out (9). The
most probable explanation for the spectra observed here is
that they are of second order. The other spectra show
narrow bands which are close to those of BaCeO; and
broad weak bands which may also be of second order. The
BaCeO; Raman spectrum is similar to that already pub-
lished (10). At room temperature, 9 of the expected 24
Raman-active modes in the orthorhombic structure are
easily observed. All bands ranging from 80 to 400 cm ™!
are generated by first-order modes, whereas higher-
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FIG. 1.
*Peak due to sample holder.

XRD patterns of BaCe,Zr; - O3 (0 < x < 1) samples obtained with CuKua, radiation (Miller indices correspond to a primitive cubic system.
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FIG. 2. Cell parameter a in BaCeZr;_,O; (0 <x < 1) samples
(pseudocubic cell).

wavenumber Raman bands are probably due to multi-
phonon or electronic Raman processes (10, 11).

For x > 0.2, one may distinguish between two groups of
bands with different behaviors. Below 150 cm ™!, three
bands (bands 1 to 3 in Fig. 4) appear in the BaCeO;
spectrum. Two bands remain for x = 0.8 and x = 0.6 and
only one for x =04 and x = 0.2. Notice also that the
frequency of these bands depends slightly on composition
(Fig. 5a): band 1” of Fig. 4 shifts toward lower wavenumbers
by less than 1 cm ™! for x varying from 0.4 to 0.2. The other

Intensity (a.u.)

2 0 (degree)
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group is composed of the bands labeled 4 to 6 in Fig. 4.
Band 4 is present in all spectra with almost the same
intensity. Band 5 is present from x = 1 to x = 0.4 and band
6 from x = 0.8 to x =0.2. Besides, an intensity transfer
occurs between these two bands. All these bands display
a strong frequency dependence upon composition (Fig. 5b).

Raman spectra were also collected at various temper-
atures. For BaCeOj, spectra were similar to those already
published (10). Two examples are shown in Figs. 6 (x = 0.8)
and Fig. 7 (x = 0.4). For x = 0.8, the major changes that are
observed are the broadening of all peaks. Notice also that
the two low wavenumber bands (1’ and 2" of Fig. 4) are still
visible at 373 K, but there is only one band in this region at
temperatures higher than 573 K. For x = 0.4, all the narrow
bands have disappeared at 773 K, suggesting that the struc-
ture is cubic at this temperature.

4. DISCUSSION
4.1. Mutual Solubility of BaCeOs and BaZrO;

Both XRD patterns and Raman spectra indicate that
BaCeO; and BaZrO; are mutually soluble in all propor-
tions. The presence of well-developed crystallites of either
end member would have been detected in X-ray diffraction
experiments. BaCeO3 has a strong first order Raman spec-
trum and its presence should have been observed in the
Raman spectra of the mixed compounds, even for very small
crystallites, of the order of 10 nm. On the contrary, the
linear relation between the pseudocubic cell parameter and

FIG. 3. Emphasis on X-ray diffraction peak in BaCe, Zr; O3 as a function of x corresponding to (211) Miller indices in the cubic structure.
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FIG. 4. Raman spectra of BaCe,Zr; - O3 samples at room temperature. x values are indicated on the left of each spectrum. Spectra for x = 0 and

x = 0.1 were multiplied by a factor of 18 and 33 before drawing.

x, the shift in wavenumber of Raman bands 4 to 6 are
indications of a strong mixing effect and therefore of mutual
solubility. Complete solubility was also proposed in the case
of SrCe,Zr, O3 (3). Line broadening in XRD patterns
suggests that the mixed material structure is slightly more
distorted than that of BaCeO; and that unresolved super-
structure is responsible for this broadening.

As a first approximation, one may describe the mixed
materials as follows: the structure is that of a slightly dis-
torted perovskite (x > 0.2), to allow first-order Raman
spectra. For Ba and O atoms, the translational invariance is

maintained, while Ce and Zr atoms are randomly (or
almost randomly) distributed over the B sites of the
perovskite structure. This model is often found (for an
old, but still pertinent review, see (12)) in mixtures of
materials having similar (but not necessarily identical)
structures.

For the samples with x = 0 and x = 0.1, Raman spectra
indicate that they are cubic. The strong difference between
room temperature Raman spectra of both samples is sur-
prising. Also surprising is the relative simplicity of the
Raman spectrum of the BaCe, ;Zr; O sample. We have
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FIG. 5. Changes in the band position for bands 1 to 3 (a) and 4 to 6 (b)
as a function of x.

no explanation for these observations. In the following, we
will discuss only the results obtained for x > 0.2.

4.2. Assignment of the Narrow Raman Bands

Band attribution has been made by Genet et al. (10) in the
case of BaCeOj3. They also deduced the potential energy
distribution (PED) from a normal mode analysis. Bands
below 150 cm ™! (bands 1 to 3 in Fig. 4) are mostly due to
Ba—O stretching and O-Ba—O bending force constants. The
band at 330 cm ™! (band 4) involves Ba—O stretching and
O-Ce-O bending with similar PED coefficients. The band
at 350 cm ™! (band 5) is almost exclusively correlated to
Ce—O stretching force constant. With the same attributions
in the mixed compositions, one may expect a sensitivity to
Ce—Zr substitution varying from low (bands below
150 cm ™ ') to medium (band 4) and to high (band 5); that is
the observed behavior. It is interesting to notice that bands
5 and 6, for which a transference of intensity seems to occur,
may be related to Ce-O and Zr—O stretching. The extra-
polation of band 6 position at x =0 gives a value of
504 cm ™! for pure BaZrO; (x = 0). This value is close to
that obtained for the Zr—O stretching band in cubic BaZrO;
(13) deduced from infrared reflectivity measurements
(505 cm ~1). All these results indicate that the band attribu-
tion for BaCeOj is still valid in the mixed compounds.
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4.3. High Wavenumber Bands: Indicators of
Force Constant Changes

Following the conclusion of the previous section, these
bands (bands 4-6 in Fig. 4) predominantly involve Ce-O
and Zr—O force constants (stretching and bending). In addi-
tion, Ce and Zr atoms are located at inversion centers and
do not move in the g modes. Raman spectra of solid solu-
tions obtained by replacing one kind of atom for another
one have been extensively studied. Linear chain models
have been used (12) to understand the major effects of this
substitution. At the microscopic scale, the perovskite struc-
ture can be described by a tridimensional network of MOg
octahedra. In BaCeOs, these octahedra are all CeO4. When
one Zr atom is substituted for one Ce atom, the ZrOg
octahedron is submitted to forced oscillations by its neigh-
bors and vibrates in phase with them. As the amount of Zr
increases, this trend may disappear. Coupling between ZrOg
and CeOy first neighbors and then between ZrOg4 and ZrOg¢
first neighbors becomes more and more important. If the
masses of the two atoms and the force constants involved
are not too different, a one mode behavior can appear (e.g.,
Sr.Ba; _.F, (14)). The band frequency shifts progressively
from its value at one end member to that at the other end
member. On the other hand, if masses or force constants are
too different, the situation becomes highly complex. Linear
chain simulations indicate that many modes can appear. In
this situation, a two mode behavior is expected. The two-
mode behavior (Si; - ,Ge, (15)) is characterized by the simul-
taneous presence of the two end-member bands in the mixed
crystal, sometimes associated with “gap” or “local” modes
ranging between them. In Si; _ .Ge,, these bands have been
attributed to Si—Si, Si-Ge and Ge-Ge modes. Both behav-
iors can appear simultaneously in the same material, de-
pending on the band investigated (12). In the case of
BaCe,Zr, - O3, band 4 displays a one-mode behavior, and
bands 5 and 6 a two mode behavior.

The evolution of these bands upon heating is customary:
in all cases, a broadening and a decrease in amplitude is
observed.

4.4. Low Wavenumber Bands: Indicator for
Structural Changes

It is clear that the discussion in Section 4.3 cannot apply
to the low wavenumber part of the Raman spectra. Raman
band disappearance is associated with a structural change
toward a more symmetric structure connected to a change
in the selection rules. Surprisingly, the changes depicted in
Fig. 5a fully mimic those observed in BaCeO3 as a function
of temperature (8, 16). Because of the influence of crystal
symmetry on the appearance of Raman bands, this result
strongly suggests that the structural changes in
BaCe,Zr; _,O; as a function of Zr content are the same as



RAMAN STUDY OF BaCe,Zr, _ O,

225

- 3K
CRE
<
Sl emx
2 L
8
)s -
. s13K

1000 600

400

Wavenumber (cm™")

FIG. 6. Raman spectra of BaCe, sZr, ,O3 at various temperatures in dry air.

those observed in BaCeOj as a function of temperature. To
explain this, two remarks can be made. At first, from a struc-
tural point of view, both the starting point (orthorhombic
BaCeO; at room temperature) and the end points (cubic
BaZrO; at room temperature, cubic BaCeOj; at high tem-
perature) are the same. Second, BaCeO; distortion at room
temperature is due to the large ionic radius of Ce**, from
which a Goldschmidt tolerance factor far lower than unity
can be computed. Because of the thermal expansion, there is
more room for the CeOg4 octahedra when heating BaCeO;
and the tolerance factor progressively increases up to the

value of 1, which is that of a cubic structure. Upon substitu-
ting Zr for Ce, the size of the MOg4 (M = Ce, Zr) octahedra
decreases, but the tolerance factor increases up to unity in
BaZrO; and BaCe, ;Zr, ,O5. Finally, one may observe
that these low wavenumber bands are mostly dependent on
Ba-O and O-Ba-O force constants. The progressive de-
crease of the number of bands in this region is the indication
that Ba and O atoms progressively shift toward more sym-
metric positions. We therefore propose that the number of
observed bands in the 80-150 cm ™! region can be used as
an indicator of the structure of the solid solution. When



226

CHARRIER-COUGOULIC, PAGNIER, AND LUCAZEAU

~ 73K

T

—

- sBK '
. 413K |

T T T T T T T T

El
8
2 - 1
z - \ .
g | ]
g
33K i
| 303K |
1 1 i I ] 1 1 | 1 1 1] | 1 1 ] | 1 1 1 |
1000 800 600 400 200 0

Wavenumber (cm™)

FIG. 7. Raman spectra of BaCe, 4Zr( O3 at various temperatures in dry air.

three bands are present, the space group is Pnma, as for
BaCeO;. Two bands are characteristic of the Imma
space group, one band of R3¢ and no band of the ideal
cubic structure. Following this conclusion, the room
temperature structure of the solid solutions is cubic for
x < 0.1, rhombohedral for x < 0.2 and x = 0.4, orthorhom-
bic (Imma) for x = 0.6 and x = 0.8 and orthorhombic Pnma
for x = 1.

The changes in the Raman spectra as a function of tem-
perature give additional evidence for our interpretation. The
general tendency of distorted perovskites is to become

cubic on heating. Figure 6 shows that two bands are
present near 100cm ™' at room temperature and that
only one band is visible for temperatures higher than
473 K. A similar observation can be made for x = 0.6
(data not shown). For x=04 and x =0.2, which
display only one band at room temperature, the R3¢ —
Pm3m transition occurs at about 700 K (x = 0.4) and 500 K
(x =0.2) and is indicated by the disappearance of all the
narrow bands of the spectrum.

We therefore propose that the number of bands in the low
wavenumber part of the Raman spectra can be used for
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drawing a phase diagram of the solid solutions. This was
done in Fig. 8. From this figure, the major effect of Zr for Ce
substitution is that it decreases the transition temperatures
of BaCeOj. This is not surprising, because this substitution
decreases the size of the MOy octahedra and therefore
decreases the driving force for the distortion.

We must point out that the phase diagram that we pro-
pose is not based on direct experimental evidence. Neutron
diffraction studies of some of the samples are planned to
confirm it.

5. CONCLUSION

Seven compositions in the BaCe.Zr, -, O3 system have
been investigated by X-ray diffraction and Raman spectro-
scopy. All samples appear to be single-phase and a complete
solubility exists between BaCeO5; and BaZrO;. For x < 0.1,
the materials have the cubic structure. Their Raman spectra
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are most probably second order, but display interesting
features that are not understood up to now. For x > 0.2,
two groups of narrow bands show a different behavior when
Zr for Ce substitution takes place. The high wavenumber
bands, which are mostly due to force constants involving Ce
and Zr atoms, display a shift in frequency reflects the substi-
tution. The low wavenumber bands involve mostly Ba and
O atoms. The number of bands in this region decreases
when Zr content increases or when temperature rises. This is
attributed to a progressive shift of Ba and O atoms toward
more symmetric positions, which induces a change in the
structure of the material. These transitions are very similar
to those observed for BaCeO; upon heating and we propose
a phase diagram based on these considerations.
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