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Structural and spectroscopic studies of La,Ce,07: Disordered fluorite versus pyrochlore structure
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We present the neutron and synchrotron x-ray diffraction and Ce L3-edge x-ray absorption near-edge structure
results for polycrystalline La,Ce,O;. We have found that this compound adopts a disordered defect fluorite
structure with diffuse features evident in the neutron-diffraction pattern indicative of anion disorder. Our
experimental results are discussed in the context of a recent theoretical paper on this material.
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I. INTRODUCTION

Lanthanum containing pyrochlores are of considerable
interest due to their potential applications as an ionic conductor
in solid oxide fuel cells,! as thermal barrier coatings for
high-temperature applications®® or as hosts for the storage
of radioactive waste.*> Despite this interest, there remains
uncertainty regarding the precise structure of many exam-
ples with La;Ce,O7 being the case at point. Some authors
describe the structure of La,Ce,O; as a disordered defect
fluorite (Lag sCeo.sO 75)° and others as a pyrochlore.” There
are reports of phase separation in mixed La-Ce fluorites
La,Ce;_xO@—_x/2) around x = 0.5 with the phases being
sensitive to the thermal treatment of the samples.’~'* Defects
can change the thermodynamic stability of materials and
can control many of their physical, chemical, and electronic
properties. Understanding and controlling defect formation
in complex structures is an important step for the rational
development of advanced materials. The A, B,O7 pyrochlore
structure can be derived from the AO, fluorite structure by
ordering of the vacant anion site and the two cations.!! The
general formula of oxide pyrochlores is often written as
Ay B,060’ to distinguish the two different anion sites with
O occupying the 48 f Wykoff sites at (x,1/8,1/8) (in space
group Fd3m) and O’ the 8b sites at (3/8,3/8,3/8). The two
cations occupy special positions with the larger A-type cation
at 16d (%, %%) and the smaller B cation at 16¢ (0,0,0). Hence,
the structure is described by the cubic lattice parameter and the
positional parameter x for O. In this description, the 8a site at
(1/8,1/8,1/8) is unoccupied. In the (A/B)O,_, anion-deficient
fluorite structure (space group Fm3m), the two cations are
disordered at the 4a site (0,0,0), and the anions occupy the 8c
site at (i,i, }T).

A large number of cation pairs form the pyrochlore structure
with the ordering of the two cations being dependent on the
size and charge difference between them. Empirical evidence
suggests that, for 3 + /4 + oxides, the pyrochlore structure is
favored where the ratio of cation sizes is 7 /rg > 1.42.'112 At
lower values, the disordered fluorite structure is expected to be
more stable. In La,Ce; 07, the ionic radii of eight-coordinate
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La** is 1.16 A, while that of six-coordinate Ce** is 0.87 A,!3
giving ra/rg = 1.33, suggesting the fluorite structure should
be favored.

Very recently, Vanpoucke et al.'* investigated the structure
of LayCe, 07 using ab initio density functional theory (DFT)
calculations. These authors concluded that the pyrochlore
structure is energetically favored over the fluorite and pre-
sented some x-ray diffraction (XRD) data to support this
conclusion. Neutrons are expected to be a more sensitive probe
than x-rays to the structure of La,Ce,O; as a consequence
of both their greater sensitivity to the lighter oxygen anions
and the significantly different neutron-scattering lengths of
isoelectronic La’* and Ce** (8.24 and 4.84 fm, respectively').
Nevertheless, the two previously reported neutron-diffraction
studies of LayCe,O7 are in conflict. In their early neutron-
diffraction experiments, Brisse and Knop'® concluded that
La,;Ce, 07 adopted a disordered defect fluorite structure rather
than a pyrochlore one. More recently, Bea et al.” concluded
that the structure was, in fact, pyrochlore, although it must be
noted that the sample they studied contained numerous weak
reflections from a second phase. Bea et al.’” did not report any
structural parameters for their proposed pyrochlore structure.
Obtaining precise structures is often critical in understanding
complex phenomena in pyrochlores.!” Clearly, there is the
need to establish the precise structure of La;Ce,O5.

In the present Brief Report, we report the results of our high-
resolution neutron and synchrotron x-ray diffraction studies
and demonstrate our material to have a cubic fluorite rather
than a pyrochlore structure. X-ray absorption measurements
confirm that Ce is tetravalent and support the conclusion, from
the diffraction studies, that the local environment of Ce is not
six coordinate. Evidence for mobility of the anions is also
presented.

II. EXPERIMENT

Approximately 5 g of La,Ce,O; were synthesized using
the method described by Brisse and Knop.'® Stoichiometric
amounts of La,O3 (Sigma-Aldrich, 99.99%) and CeO,
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(Sigma-Aldrich, 99.999%) were dissolved separately in 40-ml
15-M nitric acid for La, O3 and 500-ml 15-M nitric acid with
110 ml 30% weight-by-volume ratio of hydrogen peroxide for
Ce0O,. Note the CeO, did not dissolve completely. The two
solutions were mixed in a 750-ml beaker and were brought to
boil, at which time, 200 ml of a hot 20% oxalic acid solution
was added. The mixture was taken to dryness under a lamp.
The resulting cream-colored oxalate powder was heated at
600 °C for 1 h, was ground, was pressed into a pellet, and was
heated at 950 °C for 4 h and then 1000 °C for 36 h. The pellet
was reground, was repressed, and was heated at 1350 °C for
9 h and finally, at 1400 °C for 48 h. All heating was conducted
in a muffle furnace in air.

The sample was sealed in a 9-mm diameter vanadium
can for neutron powder-diffraction measurements; data were
obtained using the high-resolution powder diffractometer
Echidna at ANSTO’s OPAL facility at Lucas Heights.'® The
wavelength of the incident neutrons, obtained using a Ge 335
monochromator, was 1.622 A as determined using a National
Institute of Standards and Technology (NIST) SRM676 Al,O3
standard. This instrument has a maximum d-spacing resolution
of Ad/d ~ 1 x 1073. Synchrotron x-ray powder diffraction
data were collected from samples loaded into a 0.3-mm
capillary over the angular range of 5 < 20 < 85° using x rays
of wavelength 0.82465 A, estimated using NIST SRM660a
LaBg, on the powder diffractometer at the BL-10 beamline of
the Australian Synchrotron.'”

The structure was refined using the Rietveld method as
implemented in the program RIETICA.?” The peak shapes were
modeled using a pseudo-Voigt function. The zero correction,
scale factor, half width parameters (#,v,w), lattice parameters,
positional coordinates, and isotropic atomic displacement
parameters were varied during the refinement. The neutron-
scattering lengths of La, Ce, and O used in the refinements
were 8.24, 4.84, and 5.803 fm, respectively.'?

X-ray absorption near-edge structure (XANES) analysis
was carried out on beamline 16A1 at the National Synchrotron
Radiation Research Center (NSRRC) in Hsinchu, Taiwan.?'
The Ce Lj-edge spectra were obtained from La,Ce,O; and
three Ce standards (CeO,, SrCeO;3;, and CeAlO;3) in the
fluorescence mode using a Lytle detector from powder samples
dispersed on Kapton tape. Energy steps as small as 0.2 eV were
employed near the absorption edges with a counting time of 2 s
per step. The spectra were normalized to the incident photon
current. The energy scale was calibrated using the K edge of
a pure Cr foil at 5989.2 eV.

III. RESULTS AND DISCUSSION

The radius ratio of La,Ce,O; ra/rg = 1.33 suggests
that it should adopt a defect fluorite structure,'” and the
early neutron-diffraction study of Brisse and Knop!® supports
this conclusion. A synchrotron x-ray diffraction pattern of
La;Ce;0y, illustrated in Fig. 1, provides no evidence for any
superlattice reflections indicative of a pyrochlore structure. In
particular, there is no evidence for intensity at reflections, such
as (311), (331), or (511) that are diagnostic of a pyrochlore
structure. These reflections were clearly evident in data of
pyrochlores, such as La,Zr,O;. There was no evidence in the
synchrotron x-ray profile for peak splitting indicative of phase
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FIG. 1. (Color online) Rietveld refinement profile of the syn-
chrotron XRD data of La,Ce, ;. The symbols represent the observed
data, and the solid line represents the fit to the fluorite model. The
difference profile is shown below the Bragg reflection markers. The
inset highlights the absence of any intensity indicative of a pyrochlore
structure, and, in particular, no intensity is associated with the (311),
(331), or (511) reflections. In the inset, only the positions of the extra
peaks from the pyrochlore structure are indicated. The increase in
intensity at low angles is due to air scatter.

separation, as observed by Ryan et al. ° although the peaks did
show slight asymmetry. Comparison of our Fig. 1 with Fig. 3
of Vanpoucke et al.'* is informative, and our experimental
data are clearly inconsistent with their calculated patterns.
As noted above, neutron diffraction is expected to be a more
sensitive probe in distinguishing between the pyrochlore and
the fluorite structures, and Fig. 2 illustrates the results of our
measurements. The only Bragg reflections observed in the
neutron powder-diffraction (NPD) data were those indicative
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FIG. 2. (Color online) Rietveld refinement profile of neutron
powder-diffraction data of La,Ce,O;. The upper set of markers
represents the fluorite phase, and the lower set represents a vanadium
phase from the sample holder. The arrows indicate the positions of
the strongest additional peaks that would be present if the structure
was pyrochlore. Note the modulated diffuse background indicative of
disorder.
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of the fluorite-type structure, along with very weak peaks
from the vanadium sample holder. No evidence is found for
the pyrochlore phase. While heating the sample to 1400 °C
at atmospheric pressure yields the fluorite, it is possible that
the use of high-pressure synthesis conditions could alter the
relative stability of the two phases. In the related LnyZr,O;
(Ln = lanthanoid) series, the volume for the pyrochlore
phase Vol, is systematically larger than twice that of the
fluorite phase Vol;.?? Since high pressures invariably favor
the denser structure, the fluorite is expected to be stabilized by
high-pressure synthetic methods.

Rietveld analysis was carried out assuming Fm3m symme-
try (see Table I). Initially, we utilized a defect fluorite model
where the Ce and La are disordered on the 4a (0,0,0) sites,
and the oxygen partially occupies the 8¢ sites at (;11, %,i). Re-
finement using this model rapidly converged with x? = 1.62.
In these refinements, the atomic displacement parameter for
the O atoms was noticeably larger than that for the mixed

Ce/La cations, 3.96(4) vs 2.30(3) x 10~2 A”. The high Uis(O)
value indicates high dynamic motion and/or static positional
disorder. To test the latter possibility, a model was created
where some of the oxygen atoms were displaced from the
8c site and were distributed over the 8¢ and nearby 32 f
(x,x,x) positions (x = 1 + 8).%* This model, that describes the
behavior of CeQ,,? failed to converge to chemically sensible
values and was subsequently discounted.

A fit to a pyrochlore model in which the 8a (1/8,1/8,1/8)
site was empty, calculated intensity where none was observed
and yielded an unacceptably high x> = 5.22 value for the
best fit with x = 0.3686(4) and a = 11.1301(5) A. The
refined x positional parameter is statistically shifted from 3/8,
the equivalent position in an unrelaxed fluorite model, and
toward the nominally vacant 8a site. Allowing the 8a site to
be occupied resulted in a comparable fit to that obtained for the
fluorite model with x2 = 1.57 and x = 0.3711(5). In this case,
there is only minimal displacement of the anions on the 48 f
sites toward the 8a site as would be expected if this site was
occupied. Within the precision of this refinement, the anion
vacancies were uniformly distributed over the 48 f', 8a, and 8b
sites. These refinements verify the conclusion that the sample
is fluorite, rather than pyrochlore.

A feature of the present neutron-diffraction pattern is the
broad features, indicative of modulated diffuse scattering,
evident in the background of the pattern. This background is
similar to that seen in members of the series Nd,_,Ho,Zr,07
studied recently?> and reflects the presence of disorder in
the structure. It is worth noting that the background of a
NPD pattern, measured for the pyrochlore La,Zr,O; under
identical conditions, did not show any diffuse features. Given
the neutron data for La,Ce,O; were obtained at ambient
temperature, the structured background is not due to normal
thermal diffuse scattering. That this diffuse background is
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FIG. 3. Ce L3-edge XANES spectra of La,Ce, 07, CeO,, SrCeOs3,
and CeAlO;.

not apparent in the x-ray diffraction profile and the refined
displacement parameter Ujs,(O) is significantly larger than
Ujso(La/Ce) suggests a large diffusion coefficient of the oxide
ions. The high Ui, (O) can be regarded as the structural
indicator for high oxygen ion conduction in defect fluorites
and corresponds to movement of oxygen ions across the unit
cell. We note that the diffuse background is less developed
than that observed for La-doped Bi,O3 by Verkerk et al.**
suggesting an absence of appreciable short-range oxide-ion
sublattice occupancy ordering.

Diffraction methods are a probe of long-range ordering
of the ions, and the synchrotron x-ray and neutron powder-
diffraction measurements clearly show the absence of any
long-range pyrochlore-type ordering. It is, of course, possible
that the local structure (coordination environment) of some Ce
cations is significantly different from that of the long-range
average structure, and this may drive the diffuse background
seen in the neutron data. Consequently, a Ce Li-edge XANES
analysis was performed to provide further information on the
oxidation state and local coordination environment of Ce. The
Ce Lj3-edge XANES spectrum of La,Ce,O; was compared
to several Ce** and Ce** standards of various coordination
environments (Fig. 3). It is well known that the line shape
of the Ce Lj-edge XANES spectrum, which involves the
dipole-allowed transition of 2p3/, electrons into unoccupied

TABLE I. Structural parameters for La,Ce,O; from refinements against NPD data.

a 100 Uiso(La/Ce) 100 Ui, (0) La/Ce-O
Space group A) (A% 9! A) X’
Fm3m 5.5657(1) 230(3) 3.96(4) 2.410 03(6) 1.62
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5d states, is highly sensitive to the oxidation state of Ce, as
evident from the comparison of CeO, (Ce*t) and CeTiO;
(Ce**) (Ref. 25) or Ce;/3Ta0; (Ce*F) (Ref. 26). Generally,
four features (labeled A-D) are observed in the Ce** species
compared to a single broad peak observed in Ce**. The single
“white line” observed from the Ce** species is typical of a
nearly pure 4 f ! final state. Peaks A, B, and C are attributed to
the 470, 4f!, and 4f? final states of Ce**, respectively;>’
the 4f! and 4f2 final states result from ligand-to-metal
charge transfer. It has also been postulated that peak C
is caused by Ce** impurities®® or crystal-field splitting.?’
The weak preedge feature (labeled D) appears characteristic
of Ce*t, although there is some uncertainty regarding its
origin.?#=3% Unsurprisingly, the line shape of the Ce L3-edge
XANES spectrum of La;Ce,05 is indicative of Ce*t. What
is remarkable is the obvious difference in the appearance of
the Ce L;-edge spectra between six-coordinate (e.g., StCeO3)
and eight-coordinate (e.g., CeO,) Ce** systems. It is currently
not well understood how the ligand-to-metal charge-transfer
final states are affected by the Ce** coordination environment
(or, for that matter, how the covalency of Ce atoms change
with coordination environment). Nevertheless, it is obvious
that the Ce L;-edge XANES spectrum of La,Ce, 07 is much
more similar to that of eight-coordinate CeO, than that of
six-coordinate SrCeOs;, suggesting that the Ce ions have a
local coordination greater than 6, and consequently, the local
structure of the Ce in La,Ce, 05 is fluoritelike. Recall that,
although the average coordination of the Ce cations would
be 7, as a consequence of the anion vacancies, the disorder
of the vacancies would result in a range of coordination
environments. Further studies are required to understand how
the coordination environment influences the appearance of the
Ce Ls-edge spectrum.

To summarize, a single phase sample of composition
La;Ce;0O7 has been prepared using a maximum synthesis tem-
perature of 1400 °C. Our experimental studies unequivocally
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demonstrate that La,Ce,O7 adopts a disordered defect fluorite
structure in which the Ce** cations are effectively seven
coordinate. This is in conflict with the recent DFT calculations
of Vanpoucke et al.,'* and it is important to consider the
origin of this difference, which may reflect assumptions in
the theoretical calculation and experimental limitations. The
DFT calculations are expected to identify a thermodynamic
minimum, whereas, the experimental results reflect a balance
between kinetic and thermodynamic contributions. In the
disordered defect fluorite structure, there are a large number
of configurations with different defect-defect distances,?! and
it is not clear how critical modeling the different defect
formation energies is.>> Changing experimental conditions
can significantly alter the balance between the two structures
as demonstrated for Gd,Zr,0O; (Ref. 33) with the conditions
employed in the present Brief Report expected to favor
the thermodynamic rather than the kinetic product. It is
unlikely that the observed fluorite structure represents a
metastable phase that would transform to the pyrochlore if
heated to near its melting point. In general, heating tends to
increase the disorder in structures, and as observed in other
systems, such as Gd,Zr, 07, heating the pyrochlore leads to a
transformation to the fluorite structure. Given the cation radius
ratio for La,Ce,07, it is difficult to imagine experimental
conditions that are likely to favor an ordered pyrochlore
structure.
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