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Polycrystalline samples of general composition La1.33-xNa3xTi2O6 were prepared by the “liquid mix”
technique. The structural analysis carried out from different techniques (XRPD, ED, HREM, and NPD)
evidences that these perovskites undergo phase transformations that seem to be mainly related to the
number of A-vacancies. For high degrees of substitution,x, that imply low number of vacant A-sites, a
random distribution of Na+ and La3+ ions in these sites is observed. When this number increases (forx
) 0.16 and 0.11) two different cells are adopted, in which the A-cations are ordered by layers along one
direction, whose dimensions area ≈ b ≈ x2ap; c ≈ 2ap (space groupPbmm) anda ≈ b ≈ c ≈ 2ap

(space groupCmmm), respectively. These structural changes are analyzed on the basis of the group-
subgroup relations and the tilting of the TiO6 octahedra.

Introduction

Perovskite-type structures of general formula ABO3 with
A-cations deficiency, derived from La2/3TiO3, are of interest
because the vacancies at these sites facilitate the electro-
chemical insertion of Li+ ions and the subsequent movement
of these cations through the lattice. For this parent phase
La2/3TiO3 different structural models have been proposed.
Tien and Hummel1 recorded superlattice reflections indicative
of cell doubling in more than one direction, whereas Abe
and Uchino2 and Bouwma et al.3 found evidences for cell
doubling along one direction only (ap × ap × 2ap), and
attributed this fact to different ionic populations (layering)
on successive layers of the perovskite A-sites. On the other
hand, MacEachern et al.4 fitted neutron diffraction patterns
for La2/3TiO3 assuming an orthorhombic structure, space
group Pban, in a cell of dimensionsx2ap × x2ap × 2ap

taking into account the tilting of the TiO6 octahedra. These
models have in common a layered ordering of A-site cations,
in such a way that thez ) 0 layer is mainly occupied by
La3+ ions and the next layer (z) 1/2) remains partially vacant.
According to this description, one crystallographic parameter
is doubled in at least one direction.

In closed related systems, such as La0.6Sr0.1TiO3 and
La0.63(Ti0.92Nb0.08)O3, subtle structural changes have been
reported.5,6 Both compounds were described with double cell
2ap × 2ap × 2ap, in the space groupCmmm, and the

octahedral tilting is produced about the perpendicular axis
to A-site layering.

Structural modifications are expected by introducing
alkaline ions, which replace some proportions of lanthanum
ones to preserve the crystal electroneutrality, in the vacant
A-sites giving rise to the series La1.33-xA3xTi2O6. These
compounds are of interest because they exhibit ionic
conductivity (A ) Li) and dielectric (A) Na) properties;
both structural and electrical properties have been extensively
investigated.7-37 Similarly to the previous systems, different
structural models have been proposed for these derivatives
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depending on the nature of A-cation, vacancies number,
composition, and syntheses conditions.

The most studied system is La1.33-xLi3xTi2O6 but precise
crystal structures for differentx values have not been well
established until now and controversial results have been
reported in the literature.7,17,19,26-37 In any case, the proposed
structural models have in common that the A-sites are
occupied by alkaline and lanthanum cations and all the
titanium ions are located in the B-sites. By contrast, the
analogous sodium series, La1.33-xNa3xTi2O6, seem to be much
less studied, and only the LaNaTi2O6

7,38 and La1.15Na0.85-
Ti2O6

37 samples have been structurally characterized to our
knowledge.

The adequate crystal characterization of powder specimens
of these systems needs a precise determination by neutron
diffraction techniques because it is certainly difficult to obtain
reliable conclusions from X-ray diffraction data. This fact
is related to the weakness of reflections associated with small
displacements of the oxygen atoms.

The aim of this paper is to establish the crystal structure
of some phases of the solid solution La1.33-xNa3xTi2O6 and
to follow their evolution as a function of the degree of
substitution,x. This parameter obviously affects the number
of A-sites occupied by cations but also their ordering among
the A-layers. At the same time a complementary and
interesting feature to be analyzed is the tilting of the TiO6

octahedra that is due to slight deviations of oxygen atoms
from their ideal positions. Finally, a brief theoretical analysis
to establish the group-subgroup symmetry relations between
the parent phase and the compoundsx ) 0.11, 0.16, and
0.28 is discussed.

Experimental Section

Polycrystalline samples of general composition La1.33-xNa3xTi2O6

were prepared by the “liquid mix” technique39 from an aqueous
solution of lanthanum and sodium nitrates, La(NO3)3‚6H2O and

NaNO3, and TiO2 in stoichiometric ratios. About 4 g of these
reagents was added to a mixture of 10 g of citric acid and 4 mL of
ethylene glycol. These ingredients were mixed together and drops
of HNO3 were added to catalyze the gel formation. The excess of
nitric acid was boiled off and the gel was slowly decomposed by
heating to 400°C. The resulting powders were intimately mixed
and heated in several steps up to temperatures ranging between
1273 and 1373 K in air for several days, in platinum crucibles.
During the thermal treatment, the samples were reground in each
step and the process was monitored by X-ray diffraction until single
phases were obtained.

Chemical analyses were performed using inductive coupled
plasma (ICP) spectroscopy in a JY-70 apparatus. Samples were
dissolved by digestion with H2SO4 and (NH4)2SO4.

X-ray powder diffraction patterns were registered by means of
a Siemens Kristallofex diffractometer powered with a D-500
generator using Ni-filtered Cu KR radiation and 2θ step size of
0.05°, with a counting time of 12.5 s for each step. The goniometer
was connected to a PC controlled by the commercial program PC-
APD (Analytical Powder Diffraction Software, 4.0).

Electron diffraction (ED) data and high-resolution electron
microscopy (HREM) were carried out on a JEOL 400 EX
microscope. Samples were prepared by dispersing ultrasonically
small particles inn-butanol and disposing drops of this suspension
on a carbon-coated copper grid.

The neutron powder diffraction data were recorded at room
temperature on the D1A high-resolution powder diffractometer (λ
) 1.9110 Å) at the Institut Laue-Langevin (Grenoble, France).
Neutron diffraction patterns were analyzed by the Rietveld method
and the Fullprof program .40 A pseudo-Voigt function was chosen
to generate the line shape of the diffraction peaks.

Results and Discussion

The synthesized samples were La1.17Na0.48Ti2O6 (x ) 0.16)
and La1.22Na0.33Ti2O6 (x ) 0.11) in which the metal ratios
were obtained by chemical analysis and compared with the
phase La1.05Na0.84Ti2O6 (x ) 0.28), previously described by
us.37 Structural characterization of the new materials has been
performed by different diffraction techniques (X-ray, elec-
tron, and neutron).

Figure 1 shows X-ray powder diffraction patterns for the
above nominal compositions of this series (x ) 0.28, 0.16,
and 0.11), in which the Bragg reflections have been indexed
according to the ideal perovskite cell. Some differences are
clearly observed as a function of the alkaline metal content,
x. Main diffraction lines remain unchanged, but the (0 01/2)p

and (0 11/2)p reflections arise whenx decreases from the
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Figure 1. X-ray diffraction patterns forx ) 0.28, 0.16, and 0.11 samples.
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compositional limitx ) 0.28. These extra reflections are
indicative of a supercell and can be indexed by considering
either a diagonal or double cell with respect to the primitive
one. The unit cell dimensions are related to the aristotype
ones as follows:a ≈ b ≈ x2ap andc ≈ 2ap or a ≈ b ≈ c
≈ 2ap respectively, whereap is the parameter of the idealized
cubic perovskite cell of about 3.9 Å. In a previous work,37

we have reported that thex ) 0.28 specimen exhibits a
diagonal cell as was deduced from electron and neutron
diffraction data.

Some authors31 have pointed out that the microstructural
study is very important for determining the crystal structure
of similar materials. For this reason electron diffraction and
high-resolution transmission electron microscopy results are
discussed first.

Figure 2 shows the ED patterns and the corresponding
images along the [1h10]p zone axis for the three compositions.
In thex ) 0.28 ED pattern (Figure 2a) the (0 01/2)p, (1/2 1/2
0)p, and (1/2 1/2 1/2)p superlattice reflections are observed and
they can be indexed on the basis of a double or a diagonal
cell that are detailed in the adjacent scheme. The HRTEM
images show one domain with periodicities 2ap along [001]p
andx2ap along [110]p directions. A similar situation is found
for the remaining compositions (x ) 0.16 andx ) 0.11,
Figure 2b and c, respectively) with the only difference being
the absence of the (1/2 1/2 0)p superlattice reflection. Therefore,
cells of dimensionsx2ap × x2ap × 2ap or 2ap × 2ap ×
2ap must be considered for the three compositions.

On the other hand, Figure 3 shows the patterns corre-
sponding to the [001]p zone axis for the samplesx ) 0.16
and 0.11, which present some relevant differences between
them. Thus, forx ) 0.16 (Figure 3a) the (0 01/2)p and (01/2
0)p reflections clearly appear but the (1/2 1/2 0)p one is absent
again. The corresponding HRTEM images exhibit different
kinds of domains, such as regions with∼2ap periodicity
along the [100]p and [010]p directions and areas having a
∼x2ap periodicity along the [110]p direction. It can be
concluded that this crystal is formed by three sets of
microdomains in thex2ap × x2ap × 2ap cell with the c
axis orientated along one of the three main crystallographic
directions in each domain set. These results for thex ) 0.28
and 0.16 samples agree well with those previously obtained
by us by neutron diffraction techniques.37 Nevertheless, the
x ) 0.11 ED pattern shows extra reflections on (h/2 k/2 0)p
(Figure 3b), and the corresponding HRTEM image along the
[001]p zone axis only presents one domain with 2ap periodic-
ity that suggests a unit cell of parameters 2ap × 2ap × 2ap.

Therefore, the compounds La1.05Na0.84Ti2O6 (i.e.,x ) 0.28)
and La1.17Na0.48Ti2O6 (i.e.,x ) 0.16) show the same diagonal
basic unit cell (x2ap × x2ap × 2ap), but a double unit cell
(2ap × 2ap × 2ap) seems to be more adequate to describe
the oxide La1.22Na0.33Ti2O6 (i.e.,x ) 0.11). Both latter phases
exhibit the (0 0l/2)p reflections, for whichl ) 2n + 1, that
can be related to an ordering of the La and Na ions and
vacancies within the A-sites.

The respective powder neutron diffraction patterns ofx
) 0.16 andx ) 0.11 samples are shown in Figures 4 and 5.
Besides the superlattice reflections, due to the alternative

Figure 2. SAED patterns and HRTEM images corresponding to the [1h10]p zone axis for the samples (a)x ) 0.28, (b)x ) 0.16, and (c)x ) 0.11. Subscripts
stand for the following: p, ideal cubic cell; d, diagonal cell; dc, double orthorhombic cell.

Figure 3. SAED patterns and HRTEM images corresponding to the [001]p

zone axis for the samples (a)x ) 0.16; and (b)x ) 0.11.

Figure 4. Experimental, calculated, and difference neutron diffraction
patterns for the samplex ) 0.16. The inset shows a magnification of the
zone 2θ ) 106-112°.

Neutron Diffraction Study of La1.33-xNa3xTi2O6 PeroVskites Chem. Mater., Vol. 17, No. 6, 20051393



arrangement of La and Na ions and vacant sites along the
c-axis,37 additional extra peaks were detected. All of them
could be indexed in a diagonal cell for both compounds.
Nevertheless, the intense (311)p reflection that appears at 2θ
≈ 110° is clearly split in three components forx ) 0.11 but
is unique forx ) 0.16 (see insets in Figures 4 and 5). Taking
into account this feature it is evident that the pattern
corresponding to La1.22Na0.33Ti2O6 must be indexed using a
double unit cell, i.e.,a (≈ 2ap) × b (≈ 2ap) × c (≈ 2ap)
instead of the diagonal one that is more appropriate for La1.17-
Na0.48Ti2O6.

The structures of La0.55Li 0.35TiO3
26 and La0.62Li 0.16TiO3

27

were chosen as trial models for fitting the neutron diffraction
patterns ofx ) 0.16 andx ) 0.11, respectively. The observed
and calculated patterns as well as the differences between
them using thePbmmspace group forx ) 0.16 and the
Cmmmone forx ) 0.11 are also shown in Figures 4 and 5.
Structural parameters, agreement factors, and isotropic factors
for La, Na, Ti, and O are given in Table 1. The agreement
factors, RB, Rp, and Rwp, are lower than 5, 6, and 7%,
respectively, and such refinements confirm the validity of
the corresponding structural models. In conclusion, La and
Na ions and the vacancies are located on the highest
coordination A-sites and Ti atoms are on the octahedral
B-sites. The occupancy of the A-sites is consistent with the
chemical formulas for both samples and shows the sequence
of nearly occupied planes (z ) 0, N ≈ 0.95). These planes
alternate along thec-axis with those containing the remaining
La/Na atoms and vacancies (z ) 0.5). By contrast, in thex
) 0.28 sample where the number of vacancies is practically
negligible, the vacancies and La/Na cations are distributed
at random in the above-mentioned A-sites (the corresponding
data are included in Table 1 for comparison).

With regard to the location of Ti atoms in these ordered
structures (CmmmandPbmm), the atomic coordinate along
the ordering axis is∼0.26 showing that these cations are
slightly displaced from their ideal position (z ) 1/4) toward
the upper [La/Na2]-O2 layer. The cation deficiency in such
a layer (z ) 0.5) provokes an excess of negative charge that
is compensated by the approach of highly charged Ti4+

cations. Thez atomic coordinates of O3 and O5 for the
Cmmmstructure and O4 for thePbmmone vary between
0.21 and 0.23, showing that these atoms are displaced
downward from their ideal positions to the La/Na nearly
occupied layer with relative excess of positive charge. These

oxygen displacements are also responsible for distortions in
the TiO6 octahedra in which two longer and two shorter
Ti-O distances with respect to the mean values were
deduced along thec-axis. Table 2 gathers these distances
labeled as Ti-O1 and Ti-O2 for x ) 0.11 (Cmmm) and
0.16 (Pbmm), respectively. Such distortions were not ob-
served for thex ) 0.28 derivative where a random distribu-
tion of La3+ and Na+ cations was found. The average of
Ti-O interatomic lengths scarcely varies from 1.947 to 1.949
Å, and they are in good agreement with the Shannon ionic
radii sums.41 To study the TiO6 octahedra distortion, the
O-Ti-O angles have been calculated, giving different
deviations from the ideal cubic perovskite (90° angle) as far
as 6° for the A-ordered phases (CmmmandPbmm), whereas
the deviation is(0.4° for the remaining one (Ibmm).

Table 2 also includes the A-O interatomic distances for
the title compounds that are compared with the expected ones
from the Shannon ionic radii. These results suggest that
lanthanum and sodium cations are located on distorted 12-
coordinated polyhedra in which interatomic distances vary
over a wide range (between 3.0 and 2.6 Å), although the
mean A-O lengths are of the same order as the expected

(41) Shannon, R. D.Acta Crystallogr. A1976, 32, 751.

Figure 5. Experimental, calculated, and difference neutron diffraction
patterns for the samplex ) 0.11. The inset shows a magnification of the
2θ ) 106-112° zone.

Table 1. Refined Atomic Positions, Occupation for La and Na Ions,
Isotropic Temperature Factors (in Å2), Cell Constants (in Å), and

R-factors for La1.33-xNa3xTi2O6

x ) 0.11 x ) 0.16 x ) 0.28

Cmmm Pbmm Ibmm
(La/Na)1 x 0.00 0.7453(5) 0.0019(1)

y 0.2530(1) 0.25 0.0000
z 0.00 0.00 0.2500
N 0.94(2)/0.01(2) 0.83(4)/0.12(1) 1.05/0.84
â 0.12(3) 0.39(6) 0.97(4)

(La/Na)2 x 0.00 0.7614(8)
y 0.2576(3) 0.25
z 0.50 0.50
N 0.28(5)/0.32(1) 0.34(2)/0.36(1)
â 1.12(5) 1.16(5)

Ti x 0.2471(6) 0.2560(1) 0.0000
y 0.00 0.25 0.5000
z 0.2604(3) 0.2574(4) 0.0000
â 0.32(5) 0.39(4) 0.82(8)

O1 x 0.2727(2) 0.2102(1) 0.0452(2)
y 0.00 0.25 0.5000
z 0.00 0.00 0.2500
â 0.78(2) 0.92(1) 1.52(1)

O2 x 0.2269(4) 0.2863(4) 0.7500
y 0.00 0.25 0.2500
z 0.50 0.50 0.0238(5)
â 1.16(5) 1.47(5) 1.38(7)

O3 x 0.00 0.00
y 0.00 0.00
z 0.2117(2) 0.7446(5)
â 0.70(1) 0.88(1)

O4 x 0.00 0.50
y 0.50 0.00
z 0.2635(4) 0.7747(5)
â 0.77(4) 0.87(5)

O5 x 0.25
y 0.25
z 0.2367(5)
â 0.57(4)
a 7.7234(2) 5.4766(2) 5.4798(2)
b 7.7485(2) 5.4763(4) 5.4753(4)
c 7.7803(3) 7.7624(5) 7.7432(5)
RB 3.52 4.58 1.83
RP 4.97 5.68 4.62
RWP 6.73 6.89 5.83
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ones. The different degree of cation occupancy in the La/
Na layers is the cause of the two different kinds of
A-polyhedra, [La/Na1]O12 and [La/Na2]O12 found inCmmm
and Pbmmcells, whose mean A-O distances are 2.7 and
2.8 Å, respectively.

To visualize the distinctive features found in this series,
Figure 6 gives a nonconventional picture of the TiO6 and
(La/Na)O12 frameworks separately for these derivatives.
Starting from the more regularCmmmspace group that
describes the phasex ) 0.11, one can see that La(1)O12

and [La/Na(2)]O12 polyhedra alternate in theac-plane
above and below the TiO6 octahedra (Figure 6a). An
interesting point to be noted is the relatively high difference
between the A-O interatomic distances. The O5 and O3
atoms are clearly displaced toward the La(1) atoms (2.66
and 2.56 Å, respectively) and moved away from the La/Na-
(2) ones (2.81 and 3.02 Å, respectively). As a consequence
of the octahedral tilting, the A-O4 distances are of the same
order as the A-O5 ones but in the opposite sense. In this
respect, the mean distances at these four equatorial oxygen
atoms indicate that they are nearer to the La1 plane than to
the plane built by La0.28Na0.3200.4. Therefore, the TiO6 tilting
around the A-sites provokes a zigzag arrangement of apical

oxygen atoms in theac-plane and theCmmmcell has an
antiphase tilting along theb-axis [a0b-c0 in Glazer’s nota-
tion42,43].

Similarly, Figure 6b shows a structural scheme for thex
) 0.16 sample. Note that TiO6 octahedra plane runs along
the ab-diagonal of the primitive cell as well as the tilting
associated to the scheme a-b0c-. With respect to the (La/
Na)O12 polyhedra (Figure 6b), the difference between the
shortest and longest A-O interatomic distances diminishes
because of the higher content of La3+ and Na+ cations in
thez ) 0.5 plane. For instance, the highest [La/Na(2)]-O3
bond length in theCmmmwas 3.02 Å and now is 2.91 Å
(to O4 in Pbmm), and the [La/Na(1)]-O3 one was 2.56 Å
and changes to 2.59 Å in this diagonal structure.

To complete the structural evolution with composition in
this series, it is interesting to compare the above results with
those of the limit phase (x ) 0.28, space groupIbmm),
depicted in Figure 6c. Recalling that the La/Na planes have
similar atomic contents and there is a random distribution
of both elements on them, the corresponding polyhedra are
identical. Therefore, interatomic A-O2 distances are of 2.61
and 2.86 Å, closer than in the previous cases. Both distances
alternate with respect to the upper and lower A-planes. In
this case the octahedra tilting (a-b0c-) is the same as that in
Pbmm.

Table 2 shows the tilt angles, calculated by using the
refined crystal parameters, decrease (7.3° to 6.2° to 5.2°) as
the vacant A-sites increase. The octahedra tiltings were
estimated from the inclination of apical oxygen atoms (O1
and O2 forCmmmandPbmm, and O1 forIbmm) with respect
to thec-axis. Moreover, a second tilt angle is found in the
diagonal cells, because they are consistent with a two-axis
tilt system, and this angle also decreases (5.5° to 4.9°) in
the same sense as before.

In conclusion, the structural characteristics of this perovs-
kite-type series, in particular the cation order-disorder
phenomena on the A-sites and the BO6 octahedra tilting,
seem to be related to the vacant A-sites number. When
vacancies increase, the octahedra tilting decreases and the
12-coordination hole in thez ) 0.5 plane is bigger than that
in thez ) 0 one. This conclusion is supported by the phase
La0.64Ti0.92Nb0.08O3, described as an orthorhombic double
cell.44 In this phase the number of vacant A-sites is higher
than in ours and shows a smaller octahedra tilting (4.7°).

As a hypothesis, these facts could be related to the well-
known features in the ReO3 and CaTiO3 types. In the first
structure type all the A-cation sites are vacant and the void
defined by oxygen atoms is a regular cuboctahedron. In the
perovskite-like structure of CaTiO3 all the A-sites are
occupied but oxygen atoms are displaced from their ideal
positions and the coordination number of Ca2+ is 8; as a
consequence, the TiO6 octahedra show a tilting angle of
10°. In our system La1.33-xNa3xTi2O6 we have interme-
diate situations with respect to the number of vacancies in
the A-sites. For the compositionx ) 0.28 this number is

(42) Glazer, A. M.Acta Crystallogr. B1972, 28, 3384.
(43) Glazer, A. M.Acta Crystallogr. A1975, 31, 756.
(44) Yashima, M.; Mori, M.; Kamiyama, T.; Oikawa, K.; Hoshikawa, A.;

Torii, S.; Saitoh, K.; Tsuda, K.Chem. Phys. Lett.2003, 375, 240.

Table 2. Main Interatomic Distances (in Å) and Angles (deg) for
La1.33-xNa3xTi2O6

Cmmm
(x ) 0.11)

Pbmm
(x ) 0.16)

Ibmm
(x ) 0.28)

d [(La/Na)1-O1] 2.877(1)× 2 2.930(4) 2.998(3)
2.597(4)× 2 2.749(1)× 2 2.74(1)× 2

2.546(2) 2.482(5)
d [(La/Na)1-O2] 2.866(8)× 4

2.617(3)× 4
d [(La/Na)1-O3] 2.560(3)× 2 2.784(1)× 4
d [(La/Na)1-O4] 2.805(2)× 2 2.596(7)× 4
d [(La/Na)1-O5] 2.669(7)× 4
d [(La/Na)2-O2] 2.656(2)× 2 2.875(1)

2.824(3)× 2 2.751(5)× 2
2.602(4)

d [(La/Na)2-O3] 3.002(3)× 2 2.681(1)× 4
d [(La/Na)2-O4] 2.630(7)× 2 2.911(4)× 4
d [(La/Na)2-O5] 2.815(4)× 4
d [(La/Na)1-O] mean 2.695 2.708 2.742
d [(La/Na)2-O] mean 2.790 2.779
d [(La/Na)-O] mean 2.743 2.743 2.742
Shannon 2.77 2.77 2.77
d (Ti-O1) 2.035(2) 2.014(3) 1.952(2)× 2
d (Ti-O2) 1.871(1) 1.890(1) 1.945(6)× 4
d (Ti-O3) 1.945(2) 1.959(2)× 2
d (Ti-O4) 1.954(4) 1.930(1)× 2
d (Ti-O5) 1.946(5)× 2
d (Ti-O) mean 1.949 1.947 1.947
Shannon 2.00 2.00 2.00
φ- angle 5.2 6.2 7.3

4.9 5.5
O1-Ti-O2 89.7× 4

90.3× 4
O1-Ti-O3 84.4 84.4× 2
O1-Ti-O4 85.1 87.6× 2
O1-Ti-O5 84.5× 2
O2-Ti-O2 90.3× 2

89.4× 2
O2-Ti-O3 96.4 94.1× 2
O2-Ti-O4 94.1 93.9× 2
O2-Ti-O5 95.4× 2
O3-Ti-O3 88.6
O3-Ti-O4 89.9× 2
O3-Ti-O5 89.6× 2
O4-Ti-O4 90.4
O4-Ti-O5 89.4× 2
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low and the unique effect is the TiO6 octahedra tilting,
analogous to the case of CaTiO3. When the number of vacant

A-sites increases, these are concentrated on alternate planes
together with sodium cations and we can imagine that

Figure 6. Cation polyhedra arrangements for (a)x ) 0.11; (b)x ) 0.16; and (c)x ) 0.28. Upper graphs refer to BO6 octahedra and lower graphs stand for
AO12 polyhedra.

Scheme 1. Structural and Group-Subgroup Relationships of La1.33-xNa3xTi2O6, Starting from the Parent Cubic Aristotype

*Non conventional symbol.a Wyckoff site labels and atomic coordinates for A, B, and O ions.
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pseudo-planes of “ReO3”- and “CaTiO3”-types are super-
posed along thec-direction. Therefore, the tilting angle of
TiO6 octahedra could be progressively reduced as the degree
of substitution,x, diminishes because the “right” ReO3-like
pseudo-planes exert a more predominant effect on the above
tilting.

Overview of Symmetry Relations

The above-discussed structural relations in the title system
as well as the oxygen displacements can be better understood
by taking into account some symmetry arguments. Different
structural analyses in perovskite-type compounds attract great
attention in order to establish adequate relationships between
crystal structure and properties. Following the ideas of
Thomas45 and Müller,46 and according to Hermann’s theo-
rem,47 Scheme 1 shows group-subgroup relationships in our
system starting off with the parent cubic aristotype,Pm3m.
Next to Scheme 1 the main structural features and the most
representative idealized structures are depicted.

The transformation to tetragonalP4/mmmgroup is ac-
complished by the disappearance of the 3-fold axes, and the
new lattice parameters must vary according to the change
in symmetry (noted on the arrow:a′ ) b′ * c′). This process
implies that the maximal nonisomorphic subgroup is “trans-
lationengleich” of index 3 (i.e.,t3). The second step in this
family tree involves an enlargement of the unit cell by ak2
operator that preserves the tetragonal symmetry, giving rise
to the F4/mmm nonconventional symbol. A furthert2
transformation leads to theFmmmmaximal nonisomorphic
subgroup. However, this space group is not compatible with
the experimental systematic extinctions (h + k ) 2n + 1)
that suggest a face-centeredC-type lattice. According to that,
the following step is thek2 transformation toCmmmspace
group, giving as a result a reduction in the centering of the
new cell. From this latter orthorhombic group two different
k2 transformations give rise to the searchedIbmmandPbmm
space groups (which are obviously also related byk2
operator). The relations between the parameters of these

orthorhombic space groups are shown in Scheme 1 where
the new cell is depicted in dotted lines.

This theoretical group-subgroup study is linked with the
three structural degrees of freedom in perovskite-type deriva-
tives45 and clarifies the experimental tendency to higher
tiltings of BO6 octahedra as the vacant A-sites decreases. In
the title compounds the A-cations exhibit a quite distorted
cuboctahedral coordination that is compatible with the
relative size of the ions implied in such structures. As stated
above, this distortion is a consequence of displacements of
oxygen anions that provoke the tilting of BO6 octahedra.

Conclusions

Neutron diffraction data and complementary electron
microscopy techniques allowed to us to establish without
ambiguity the structural changes governed by stoichiometry
in the perovskites La1.33-xNa3xTi2O6.

On the other hand, the analysis carried out by means of
group-subgroup relations explains how slight variations in
composition produce displacements in the oxygen atoms that
lead to different space groups. Thus, thex ) 0.11 sample
shows a double orthorhombic cell (space groupCmmm)
whereas thex ) 0.16 and 0.28 ones present diagonal
orthorhombic cells whose space groups arePbmmandIbmm,
respectively.

Finally, CmmmandPbmmphases are built by layers of
La and Na/vacancies that are alternately occupied and partly
occupied along thec-axis. Titanium atoms move from their
ideal sites toward the Na/vacancy-rich layer. However,
A-cations (La and Na) and A-vacancies are distributed at
random inIbmmcell, in which Ti cations are located in fixed
special sites.
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