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Abstract

The structural ordering process in complex perovskites has a pivotal role for

tuning many physical properties for broad applications, ranging from micro-

wave technology, proton-conduction, multiferroicity, and so on. Therefore, the

characterization of order type in these materials is essential for designing new

devices with high-performance. Here, the coexistence of B-site 1:1 and 1:2

order types in mixed ordered A3CaNb2O9 (A = Ba, Sr) perovskite was investi-

gated by combining Raman spectroscopy and high-resolution synchrotron X-

ray powder diffraction. High-wavenumber interval 700–825 cm�1 exhibits two

bands concerning the symmetric breathing modes of [NbO6] octahedra in

A3CaNb2O9, which were ascribed to the 1:1 and 1:2 domain regions in coexis-

tence. This model was fully corroborated using two phases for describing the

synchrotron X-ray pattern of the Ba3CaNb2O9 sample. Therefore, the Raman

spectroscopy can be indeed applied as a rapid tool for probing the achievement

of ordered, partially ordered, or disordered structures in complex perovskites.

For the first time, BaLaCaNbO6 was synthesized and structural characterized,

being indexed by the monoclinic unit cell belonging to the space group I2=m.
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1 | INTRODUCTION

The science and industry of microwave dielectric resona-
tors have been, since their beginning, deeply affected by
the development of high-performance ceramics based on
ordered complex perovskites.[1,2] This led to great
advances in communication technology (nowadays, the
5G-technology), which includes radar, mobile communi-
cations, global positioning system (GPS), Wi-Fi devices,
and others.[3,4] Three main parameters are the key to
optimize the resonator performance: a high dielectric

permittivity (εr), which enables miniaturization; a high-
Qu, the unloaded quality factor; and near-zero tempera-
ture coefficient of resonant frequency (τf).[5] On the
perovskites, a proper control of these parameters relies
intensely on their crystal structure properties. Literature
results have shown that the structural ordering process
usually leads to an improved quality factor, which is
desirable for microwave filters.[6–9] At the same time,
tuning of the coefficient τf can be performed by octahe-
dral tilting when the atomic radii at A-site are properly
selected.[10,11]
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The site ordering process in such perovskites has a cru-
cial role not only for microwave applications but also for
the proton-conduction in electrolytes,[12] multiferroicity,[13]

and magnetism.[14] Both A- and B-sites are able to exhibit
order with different topologies, such as rock salt (0-D), col-
umn (1-D), and layer (2-D).[15] The former is more stable
than the others from an electrostatic point of view and is,
therefore, the most common case.[16] An interesting exam-
ple of 0-D topology comes from the B-site ordered
A2B0B00O6, where B0 and B00 cations are distributed following
the ratio –B0–B00–B0–B00–B0–B00– along the [111]c direction of
the parental cubic cell. A very symmetric cubic space group
(S.G. Fm3m or #225) describes its crystal structure, albeit
symmetry lowering may occur due to the octahedral
tilting.[17–19] Another important example is the B-site
ordered A3B0B00

2O9 complex perovskite with the ionic dis-
tribution –B0–B00–B00–B0–B00–B00– along the [111]c direc-
tion, with a trigonal aristotype space group (S.G. P3m1 or
#164).[20,21] Those two complex systems are known as
1:1- and 1:2-type ordered perovskites, respectively,
exhibiting potential applications in several fields ranging
from multiferroicity to proton-conductor electrolytes.

A recent discussion in literature brought up the exis-
tence of a segregation between ordered domains in
1:2-type and an extra ordered structure at the grain
boundaries, implying that different order types may coex-
ist in the same material, that is, forming an average
mixed ordered configuration.[8,22,23] For the 1:2 perov-
skites, a decrease in the 1:2 domain sizes combined with
the appearance of domain boundaries usually damages
the dielectric performance at microwave frequency,
compromising their technological applicability. It is thus
imperative to develop new methods for quickly identify-
ing order types on such materials. In view of this chal-
lenge, we have investigated the capabilities of Raman
scattering and high-angular resolution synchrotron X-ray
powder diffraction (XRD) to unveil both 1:1 and 1:2
domain regions and their coexistence in A3CaNb2O9

(A = Ba, Sr) mixed ordered systems and in their non-
stoichiometric variation with calcium excess. These sys-
tems are promising for both microwave applications and
as electrolytes in proton conducting solid oxide fuel cells
(PC-SOFCs).[24,25] For the first time, a 1:1 ordered
BaLaCaNbO6 perovskite was synthesized and properly
described by Raman spectroscopy and synchrotron XRD.

2 | METHODS

2.1 | Synthesis

Ceramic pieces of all the examined perovskite com-
pounds were prepared from powders obtained by

conventional solid-state reaction method, in which the
reactants of BaCO3 (99.80%, Alfa-Aesar), SrCO3 (99.90%,
Sigma-Aldrich), CaCO3 (99.95%, Alfa-Aesar), La2O3

(99.99%, Alfa-Aesar), and Nb2O5 (99.90%, CBMM-Arax�a)
were used as metal sources. These reactants were
weighted and, then, homogenized in nylon jar using iso-
propyl alcohol and zirconia balls. All the samples investi-
gated here are summarized in Table 1. More details on
the synthesis can be found in Rodrigues et al.[25] for
Ba3CaNb2O9, in Rodrigues et al.[27] for Sr3CaNb2O9, and
in Francisco et al.[26] for Ba3Ca1.18Nb1.82O9�δ. For
BaLaCaNbO6, the dry mixtures were thermally treated in
air at 1573 K for 2 h, pressed into pellets by both uniaxial
and isostatic cold pressing, and then sintered at 1773 K
for 26 h. To our knowledge, this composition is reported
here for the first time.

2.2 | Characterization

Crystal structure and phase purity were probed by labora-
tory XRD pattern using a Bruker D8 Advance, with Cu-
Kα radiation (40 kV and 30 mA, λ = 1.54053 Å) and
LynxEye rapid detector, over a 2θ-angular interval from
10� up to 100� with step size of 0.02� and step time of 6 s.
The diffraction patterns were compared with structural
data available at the Inorganic Crystal Structure Database
(ICSD, FIZ Karlsruhe, and NIST). No trace of secondary
phase was found in any of the samples investigated here.
High-angular resolution synchrotron X-ray diffraction
(SXRD) was performed in the beamline MSPD of the
CELLS-ALBA Synchrotron (Barcelona, Spain).[28] The
pattern was recorded in the high-resolution setup with
an incident energy of 38.07 keV (λ = 0.32566 Å). The
powder sample was placed in a glass capillary, which was
rotating along the collection time to better average the
diffracted signal. Laboratory XRD and SXRD data were
evaluated by Rietveld refinement method using the Ful-
lprof software.[29] The microstructures of both powders
and ceramics were examined using an Inspect F50 field-
emission scanning electron microscope (FEI,
Netherlands) at 5 kV coupled to an Energy dispersive X-
ray (EDS) spectrometer, as summarized in Supporting
Information.

Raman spectra at ambient condition were collected in
a HR800 Evolution spectrometer from Horiba Jobin-
Yvon, equipped with a Peltier-cooled charge-coupled
device (CCD), 1800 gr mm�1 diffraction gratings, and
Olympus microscope (50� objective LD, NA = 0.35). As
an excitation source, an Nd:YAG laser operating at
532 nm was used in a quasi-backscattering geometry with
a power below 1 mW. All the spectra were further
corrected by the Bose–Einstein thermal factor prior to the
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fitting procedures by Lorentzian profiles (intensity, posi-
tion, and linewidth) within the software PeakFit.[30]

Electrical characterizations were performed by means
of impedance spectroscopy using a Solartron frequency
response analyzer (model 1260) coupled with a dielectric
interface model 1296, at a frequency range between
0.5 Hz and 1 MHz. For such measurements, ceramic pel-
lets' polished surfaces were carefully painted with plati-
num paste in order to form parallel plate capacitors. The
ac amplitude was defined after signal-to-noise ratio tests
to ensure the results within Ohmic regime. The spectral
data were adjusted using the software ZView 2.9c.[31]

Details on the electrical studies in the aforementioned
ceramics are presented in Supporting Information.

3 | RESULTS AND DISCUSSION

3.1 | Ba3CaNb2O9

In order to better investigate the coexistence of ordered
regions, we have performed high-resolution synchrotron
XRD study at room temperature in the Ba3CaNb2O9 sam-
ple sintered at 1773 K for 32 h, as drawn in Figure 1. The
use of high-resolution configuration was essential to
unveil the ordered domains and to establish a valid struc-
tural model. First attempts of refinement considered one
phase of trigonal BCN (S.G. P3m1 or #164), which were
unsatisfactory for accounting some additional diffraction
peaks. A second model used a partial occupancy of Ca2+

and Nb5+ ions in their own sites (i.e., anti-site disorder),
as proposed by Moreira and Dias for the trigonal
Ba3MgNb2O9.

[32] In such a case, we hypothesized two dif-
ferent calcium (niobium) ions at 1a (2d), which lead to
an occupational disorder at both Wyckoff sites. However,
unsatisfactory refinements were also obtained. Then, we
have started to consider a coexistence of two crystal struc-
tures: (i) a trigonal one with the 1:2 stacking sequence of
–Ca–Nb–Nb–Ca–Nb–Nb– along c-axis; (ii) a cubic in
which the Nb ions at 4b intercalate with a mixture of Ca
(66.7%) and Nb (33.3%) at 4a in a 1:1 sequence along
[111]c cubic direction. As a result, better reliability factors
were obtained, and the extra diffraction peaks were suc-
cessfully described by the cubic phase. Table 2

summarizes the atomic site distribution for both crystal
structures under consideration. In the 32 h BCN sample,
the phase percentage was estimated as 90.3(4)% and 9.7
(1)% for the trigonal and cubic phases, respectively. Both
crystal structure representations are displayed in
Figure S1.

Indeed, these cubic domains are undesired in
A3B0B00

2O9 microwave compounds due to the occupa-
tional disorder at 4a sites, which normally leads to
decreased quality factors and reduced device perfor-
mance. On the other hand, such a coexistence would be
promising for proton conductors, as for instance
Ba3Ca1.18Nb1.82O9�δ. Here, the calcium excess promotes
the proton conductivity through a percolation process
along [NbO6] octahedra.

[33,34] In this way, BCN ceramics
were sintered at 1773 K for different sintering times to
promote a distinct distribution of phase percentages
(between cubic and trigonal). As reported in recent
literature,[22,35,36] the ordered domains in 1:2-type
ordered perovskites proved to be quite sensitive to
sintering conditions, including sintering temperature and
time, annealing, and quench processes. Figure 2 displays

TABLE 1 List of ceramic samples investigated in this work together with their sintering conditions (i.e., temperature and time)

Sample Abbreviation Sint. temp. (K) Sint. time (h) Ref

Ba3CaNb2O9 BCN 1863; 1773 2; 2–32 Rodrigues et al.[25]

Ba3Ca1.18Nb1.82O9�δ BCN18 1823 12 Francisco et al.[26]

BaLaCaNbO6 BLCN 1773 26 This work

Sr3CaNb2O9 SCN 1623; 1648; 1773 2; 2; 26 Rodrigues et al.[27]

FIGURE 1 Rietveld plot of the structural refinement at room

condition from synchrotron X-ray diffraction (SXRD) data of

Ba3CaNb2O9 sintered at 1773 K during 32 h. Observed (open

symbol), calculated (black full line), their difference (blue line), and

Bragg peaks (green vertical bars) [Colour figure can be viewed at

wileyonlinelibrary.com]
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TABLE 2 Structural parameters for

Ba3CaNb2O9 sintered at 1773 K during

32 h refined from high-resolution

synchrotron X-ray diffraction data at

room condition

Space group
P3m1 Fract. (%) 90.3(4)

Atom Site x y z SOF U (Å2)

Ba1 1a 0.0 0.0 0.0 1 0.025

Ba2 2d 0.3333 0.6667 0.6740(5) 1 0.004

Ca1 1b 0.0 0.0 0.5 1 0.003

Nb1 2d 0.3333 0.6667 0.1660 1 0.011

O1 6i 0.1729(8) 0.8269(4) 0.3190(5) 1 0.021

O2 3e 0.5 0.0 0.0 1 0.015

a (Å) 5.9029(3) c (Å) 7.284(1) V (Å3) 219.80(4)

RBragg (%) 5.94 Rf (%) 11.1 ρ (g cm�3) 5.907

Space group
Fm3m Fract. (%) 9.7(1)

Atom Site x y z SOF U (Å2)

Ba 8c 0.25 0.25 0.25 1 0.011

Ca1 4a 0.0 0.0 0.0 0.667 0.011

Nb2 4a 0.0 0.0 0.0 0.333 0.011

Nb1 4b 0.5 0.5 0.5 1 0.011

O1 24e 0.2550(2) 0.0 0.0 1 0.024

a (Å) 8.3801(6) V (Å3) 588.51(4)

RBragg (%) 6.28 Rf (%) 9.52 ρ (g cm�3) 5.883

FIGURE 2 Rietveld plots at

selected 2θ angular ranges to

elucidate the transition from

cubic (C) to trigonal (T) phase in

Ba3CaNb2O9 perovskite by

varying the sintering time (2, 8,

14, and 32 h) [Colour figure can

be viewed at wileyonlinelibrary.

com]
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some isolated laboratory X-ray diffraction peaks for the
BCN sintered for 2, 8, 14, and 32 h. The full Rietveld
refined patterns are available in the Supporting Informa-
tion. The phase coexistence model (or mixed ordered
structural model) in Figure 1 was applied to refine the
structure from the X-ray data of Figure 2. We should
mention the features of the main peak at 2θ � 30.2�,
which was gradually splitted as sintering time increases.
This event represents the transition from the cubic struc-
ture to the trigonal phase, although with some cubic
phase residue (i.e., an incomplete transition). The distri-
bution of both cubic and trigonal phases with sintering
time is listed in Figure S2. In particular, the 2 h BCN
sample displayed 17.6(6)% and 82(1)% of trigonal and
cubic phases, respectively.

At the same time, Raman spectra of Ba3CaNb2O9

were acquired at room temperature for characterizing the
most symmetric modes, which concern the [NbO6]
stretching-type vibrations.[37] Details on the group-theory
calculations, density functional theory (DFT)-derived
vibrational, and experimental modes can be found else-
where.[9,37,38] The goal here is to correlate the main fea-
tures of high-wavenumber Raman modes with the phase
percentage extracted from the Rietveld refinement.
Figure 3a shows the Raman spectra of BCN ceramics
sintered at 1773 K for 14 and 32 h. The modes in the

most trigonal BCN sample (32 h) are in excellent agree-
ment with previous investigations.[39,40] All the nine
Raman active bands (ΓR = 4A1g

L
5Eg) predicted for the

trigonal P3m1 phase are clearly identified,[25] while a
shoulder at 762–777 cm�1 of the main band near 810–
820 cm�1 appeared in the spectra of the most cubic sam-
ple (14 h). For the cubic Fm3m structure, however, four
modes (ΓR= 2F2g

L
Eg

L
A1g) are foreseen. Because the

14 h BCN ceramic has 71.4(7)% and 28.6(5)% of trigonal
and cubic phases, respectively, it would be expected a
predominance of trigonal modes, besides some residual
signals from cubic phase.

We have evaluated the behavior of the Raman bands
at 760–820 cm�1 as a function the phase concentration.
The ratio RT ¼ IT= IT þ ICð Þ is a simple quantification
based on the Raman intensities, as exemplified in
Figure 3b for BCN sintered at 1773K for 14 h. In
Figure 3c, one may see that a near-linear tendency
between the trigonal phase concentration and the ratio
RT is observed up to 75% (of trigonal phase), when a
change in slope is established above it. Above �80% of
trigonal phase, the quantification using Raman data
starts to become difficult in view of the slight slope in RT

versus trigonal phase concentration curve. However, this
result is enough to conclude that the phase concentration
in A3CaNb2O9 perovskites can be qualitatively followed

FIGURE 3 (a) Room temperature Raman spectra of A3CaNb2O9 perovskite (A = Ba, Sr) at different sintering conditions. (b) Peak

decomposition of the Raman bands at 760–820 cm�1 for BCN sintered at 1773 K for 14 h. (c) The ratio RT versus trigonal phase

concentration extracted from the Rietveld analysis of BCN series at 1773K sintered for 2–32 h. Abbreviation: ratio RT ¼ IT= IT þ ICð Þ [Colour
figure can be viewed at wileyonlinelibrary.com]
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using Raman spectroscopy as a tool for quick inspection.
This result has important consequences for using the
Raman technique as a quality control tool during the
manufacturing of novel niobate-based microwave
ceramics.

3.2 | Sr3CaNb2O9

In Figure 3a, the Raman spectra of Sr3CaNb2O9 perov-
skite are also represented, as synthesized at 1623 and
1648 K for 2 h. Different from A = Ba, the strontium-
bearing sample has octahedral tilting, which lowers the
crystal symmetry.[18,27,41] We have confirmed our previ-
ous work in which only 28 modes were detected at room
condition, in contrast with the 42 predicted Raman-active
modes (ΓR = 25Ag

L
17Bg) for its A2=m monoclinic

phase.[27] Besides, the recurrent shoulder peak at
775 cm�1 suggests the presence of the 1:1 ordered
domains, as it appeared for Ba3CaNb2O9. The intensity of
this peak has also changed with the sintering tempera-
ture in SCN sample. Different sintering conditions may
induce variations in the intensity, position, and linewidth
of the shoulder peak, including temperature or time dur-
ing the synthesis procedures and possibly non-
stoichiometry.[40] Therefore, such a topic deserves a
special attention and better discussion.

In literature, Azough et al. obtained high-Qu values
for Ba3MgTa2O9 compounds, after a long-time sintering,
which were attributed to the reduction of the internal
domain boundaries and, then, leading to the mono-
domain grains.[8] Ma et al. correlated the low-Qu values
in Ba3(Co,Zn,Mg)Nb2O9-doped with BaZrO3 to 1:1 and
1:2 nanometer-sized ordered domains.[42] It seems that
the domain boundaries with extra ordered structure, that
is, type 1:1, acts as extrinsic damping factor for the micro-
wave signal transmitted through the resonator device.[43]

Although the domain boundaries are undesired for
dielectric ceramics, they constitute a key element in
proton-conductor electrolytes based on complex perov-
skites due to their role in increasing the effective mobility
and, hence, the macroscopic conductivity.[24,44] In the last
case, Colomban et al. demonstrated that the maximal
water uptake within the crystal lattice depends on the
cation/oxygen disorder.[45] For Ba3CaNb2O9, as a case of
study, the dielectric loss (i.e., tan δ≈Q�1

u ) tends to
decrease as the crystal structure approaches a trigonal
unit cell with 1:2 B-site order between Ca2+ and Nb5+

cations.[9] In this example, the Raman intensity of a
shoulder peak at �760 cm�1 almost vanishes when the
dielectric resonator presents a low dielectric loss at
microwave range, corroborating the results of Azough
et al. for the isostructural Ba3MgTa2O9 perovskite.

3.3 | BaLaCaNbO6

In order to better understand the Raman signature of
mixed ordered domain regions in A3CaNb2O9 complex
perovskite, a 1:1 ordered composition containing Ca2+

and Nb5+ ions at B-site was synthesized with the chemi-
cal formula BaLaCaNbO6. We employed high-resolution
SXRD data to describe its crystal structure, as drawn in
Figure 4a. Different from the expected, the aristotype
cubic Fm3m space group was not suitable to describe the
peak distribution. Then, Raman spectroscopy was essen-
tial to provide further clues on its unit-cell symmetry. Its
full Raman spectrum is shown in Figure 4b. In a first
inspection, one can clearly see four Raman modes at
�117, 415, 505, and 756 cm�1 that agree with group-
theory predictions for the cubic m3m factor group, that
is, ΓR= 2F2g

L
Eg

L
A1g.

[46] Nevertheless, more five
modes could be clearly identified, which was an evidence
for the symmetry lowering process. Indeed, the incorpo-
ration of La3+ (r= 1.36 Å, CN= 12) ions at Ba2+ sites

FIGURE 4 (a) Rietveld plot of the structural refinement at

room condition from synchrotron X-ray diffraction (SXRD) data of

BaLaCaNbO6 sintered at 1773 K during 26 h. Observed (open

symbol), calculated (black full line), their difference (blue line), and

Bragg peaks (green vertical bars). (b) Raman spectrum of

BaLaCaNbO6 perovskite at room condition [Colour figure can be

viewed at wileyonlinelibrary.com]
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(r= 1.61 Å, CN= 12) may promote structural instabil-
ities, which may induce the octahedral tilting
mechanism.

After a detailed literature revision,[18,47] we have con-
cluded that the most plausible space group to index the
BLCN unit cell is the monoclinic I2=m (S.G. #12), being
derived from the aristotype cubic phase Fm3m through
an out-of-phase tilting as represented by the Glazer sys-
tem a0b�b�.[17] Such assumption was also confirmed by
the software SPuDS.[48] The structural details are summa-
rized in Table 3 together with the vibrational modes pre-
dictions using the group theory on the factor group 2=m.
The monoclinic structure of BLCN is displayed in
Figure S1. Initial refinements started from the

isostructural compound Ba2SrWO6,
[49] which also has

similar Raman distribution with 12 Raman-active modes
at ambient condition.[47] For BLCN, instead, only nine
Raman peaks were used to fit its room condition spec-
trum in Figure 4b. This perovskite has indeed a pseudo-
cubic crystal structure,[50] in which Ca2+ and Nb5+ ions
follow the 1:1 order. Special attention should be given to
most symmetric Raman mode located at 756 cm�1: it rep-
resents a breathing-type mode of [NbO6] octahedra.

[51]

In Figure 5a, we compared the high-wavenumber
Raman spectrum of BaLaCaNbO6 with those recorded in
mixed ordered A3CaNb2O9 (A = Ba, Sr) perovskites
(i.e., selected samples with minor cubic content). The
shoulder band at 762–777 cm�1 is tentatively assigned as a

TABLE 3 Structural parameters for

BaLaCaNbO6 sintered at 1773 K for

26 h refined from high-resolution

synchrotron X-ray diffraction data at

room condition

Space group
I2=m

Atom Site x y z Irreducible representation

Ba/La 4i 0.5050 0.5 0.2507 2Ag
L

Au
L

Bg
L

2Bu

Ca 2b 0.0 0.5 0.0 A u
L

2Bu

Nb 2c 0.5 0.0 0.0 A u
L

2Bu

O1 4i 0.5566 0.0 0.2560 2Ag
L

Au
L

Bg
L

2Bu

O2 8j 0.2672 0.1687 0.0351 3Ag
L

3Au
L

3Bg
L

3Bu

a (Å) 5.8883(3) ΓTotal 7Ag
L

7Au
L

5Bg
L

11Bu

b (Å) 5.8970(3) ΓAcoustic A u
L

2Bu

c (Å) 8.3376(4) ΓSilent 0

β (�) 90.504(2) ΓInfrared 6Au
L

9Bu

RBragg (%) 8.40 ΓRaman 7Ag
L

5Bg

Rf (%) 5.39

Note: Nuclear site group analysis for the monoclinic structure belonging to the space group I2=m is also
summarized.

FIGURE 5 (a) High-

wavenumber Raman spectra, at

room temperature, of mixed

ordered A3CaNb2O9 (A = Ba, Sr)

and BaLaCaNbO6 ceramics. The

comparison shows that the

shoulder peak may be ascribed

as a symmetry mode from the

1:1 Ca/Nb domain. (b) Raman

spectra of A3CaNb2O9 (with

large amount of cubic phase),

Ba3Ca1.18Nb1.82O9�δ, and

BaLaCaNbO6 ceramics. From

the comparison with the last

sample, we have argued that

there is a predominance of the

1:1-type order [Colour figure can

be viewed at wileyonlinelibrary.

com]
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mode coming from regions in mixed ordered sample with
1:1 B-site domains. In this way, a coexistence of both order
types (1:1 and 1:2) is allowed in a single ceramic grain, as
seen from SXRD data. This hypothesis is indeed not so far
from reality, because domain boundaries with different
order types were already reported using high-resolution
transmission electron microscopy.[22] Hence, the arrange-
ments of [CaO6] and [NbO6] octahedra can be identified
by following the high-wavenumber Raman modes at 700–
825 cm�1. From our results, the mode at 762–777 cm�1 is
definitively related to 1:1 Ca/Nb ordering, whereas the
one centered near 810–820 cm�1 concerns the signature of
1:2 Ca/Nb ordering.

This difference in vibrational energies of 1:1 and 1:2
related modes was explained by Blasse et al. by consider-
ing two different local surroundings for the [NbO6] octa-
hedra.[52] In the 1:1 ordered cubic structure, the Nb5+

ions are at m3m sites; whereas in the 1:2 ordered struc-
ture, these ions are at 3m sites for Ba3CaNb2O9. Such dif-
ferences in local site symmetry explain the vibrational
responses coming from the domains with different order
types at B-site. This result has a significant practical con-
sequence, because it allows the monitoring of one or both
types of order by Raman spectroscopy, which is impor-
tant for guiding a correct choice of the material composi-
tion and preparation for applications.

Figure 5b displays the high-wavenumber part of the
Raman spectrum of BaLaCaNbO6 with those acquired in
highly cubic A3CaNb2O9 (A: Ba, 1863 K for 2 h; Sr,
1773 K for 26 h) perovskites. Here, the sintering condi-
tions of those ceramics were chosen by changing temper-
ature/time and, at the same time, checking the Raman
intensities at 765–777 cm�1. We have selected sintering
parameters to provide A3CaNb2O9 samples with large
amounts of the cubic phase. Figure 5b also presents the
Raman spectrum of Ba3Ca1.18Nb1.82O9�δ ceramic, which
is a well-known proton conductor applicable as an elec-
trolyte for PC-SOFCs.[12] One may see the occurrence of
a more intense band at 757–777 cm�1 in comparison with
that at 824–827 cm�1. This result denotes that there is a
coexistence of the two order types with a preferential ten-
dency for the 1:1-type in BCN18, being the 1:2-type a
minor phase. As reported by Du and Nowick,[44] this con-
dition is sufficient to enhance the conductivity explained
in view of the percolation theory. The high-performance
of Ba3Ca1.18Nb1.82O9�δ electrolytes is due to inhomogene-
ity of the proton distribution in both ordered regions.

4 | CONCLUSION

In this paper, we have investigated the Raman spectra of
complex perovskites and their nonstoichiometric

variations in order to clarify the occurrence of different
order types as induced by thermal treatments. Indeed,
high-angular synchrotron XRD unveiled the coexistence
of two order-types in mixed ordered A3CaNb2O9

(A = Ba, Sr), i.e., 1:1 Ca/Nb (cubic) and 1:2 Ca/Nb (trigo-
nal). The high-wavenumber region of Raman spectra
exhibited two symmetric modes (two-mode behavior) at
700–825 cm�1. For the first time, the cubic BaLaCaNbO6-
based perovskite was synthesized and its cell indexed to
the monoclinic space group I2=m, which helped us to
assign the shoulder peak at 757–777 cm�1 and the main
band at 810–827 cm�1. We have argued that these two
modes are fingerprints of coexisting 1:1 and 1:2 ordered
domains, respectively, corroborating the SXRD data. Our
result has consequences for using the Raman technique
as a quality control tool during the preparation of
niobate-based microwave ceramics.
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