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Polycrystalline samples of general composition 4s:aNasTi,0s 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 substitutipthat imply low number of vacant A-sites, a
random distribution of Naand L&" ions in these sites is observed. When this number increases (for
= 0.16 and 0.11) two different cells are adopted, in which the A-cations are ordered by layers along one
direction, whose dimensions ase~ b ~ \/2ap; C ~ 2a, (space groug’bmn) anda ~ b ~ ¢ =~ 2g,

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

Introduction octahedral tilting is produced about the perpendicular axis
b ite-t ruct ¢ 4 | h to A-site layering.
erovskite-type structures ot genera ormual.sﬂ o Structural modifications are expected by introducing
A-cations deficiency, derived from LgTiOg3, are of interest S . .
. . o alkaline ions, which replace some proportions of lanthanum
because the vacancies at these sites facilitate the electro- L
o . - ones to preserve the crystal electroneutrality, in the vacant
chemical insertion of Lfi ions and the subsequent movement : o ) : )
) . . A-sites giving rise to the series Lg xAsTi.0s. These
of these cations through the lattice. For this parent phase . S
. : compounds are of interest because they exhibit ionic
LaysTiO3 different structural models have been proposed.

Tien and Hummélrecorded superlattice reflections indicative conductivity (A= Li) an(_j d|e|ectr|c_(A= Na) propertles;_

of cell doubling in more than one direction, whereas Abe .bOth s_tructural anq glectrlcal properu.es have been e>.<ten5|vely
and Uchind and Bouwma et a found evide’nces for cell investigated. 3" Similarly to the previous systems, different
doubling along one direction onlya( x a, x 2a;), and structural models have been proposed for these derivatives

attributed this fact to different ionic populations (layering)

; ; _ai (7) Brous, J.; Fankuchen, I.; Banks, Ecta Crystallogr.1953 6, 67.
on successive layers of the perovskite A-sites. On the other (8) Inaguma. Y. Chen, L.- ltoh, M.: Nakamura, Solid State lonic4994

hand, MacEachern et &fitted neutron diffraction patterns 70171, 196.

for LaysTiOs assuming an orthorhombic structure, space (9) Itoh, M. Inaguma, Y.; Jung, W.-H.; Chen, L.; Nakamura,Shlid
213173 9 P State lonics1994 70/71, 203.
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in such a way that the = 0 layer is mainly occupied by  (12) Lee, J.-S.; Yoo, K. S.; Kim, T. S.; Jung, H.Sblid State lonic4997,

3+ 1 i i 98, 15.
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. 1998 108 407.
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Lag.sTio.odNbo 09 Os, Subtle structural changes have been Rev. B 1998 57 (1), 41.

. . 16) Harada, Y.; Hirakoso, Y.; Kawai, H.; Kuwano, Solid State lonics
reportec® Both compounds were described with double cell (18) 1999 121, 245.
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P

depending on the nature of A-cation, vacancies number, '
composition, and syntheses conditions.

The most studied system is 1@ «LisTi>,Og but precise
crystal structures for different values have not been well
established until now and controversial results have been
reported in the literaturé!’1%2637 |n 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, a3 xNagTi20s, Seem to be much
less studied, and only the LaNaDy’-*® and La 1Naggs
Ti,O6%” samples have been structurally characterized to our

knowledge. NaNO;, and TiQ in stoichiometric ratios. Abdu4 g of these

The adequate crystal characterization of powder specimenseagents was added to a mixture of 10 g of citric acid and 4 mL of
of these systems needs a precise determination by neutrorthylene glycol. These ingredients were mixed together and drops
diffraction techniques because it is certainly difficult to obtain of HNO; were added to catalyze the gel formation. The excess of
reliable conclusions from X-ray diffraction data. This fact nitric acid was boiled off and the gel was slowly decomposed by
is related to the weakness of reflections associated with smallheating to 400°C. The resulting powders were intimately mixed
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Figure 1. X-ray diffraction patterns fok = 0.28, 0.16, and 0.11 samples.
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displacements of the oxygen atoms. 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 $¥$0, and (NH,),SOs.

X-ray powder diffraction patterns were registered by means of
a Siemens Kristallofex diffractometer powered with a D-500
generator using Ni-filtered Cu & radiation and 2 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 im-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 (
= 1.9110 A) at the Institut Laue-Langevin (Grenoble, France).
Neutron diffraction patterns were analyzed by the Rietveld method
and the Fullprof progrant® A pseudo-Voigt function was chosen
to generate the line shape of the diffraction peaks.

The aim of this paper is to establish the crystal structure
of some phases of the solid solution;ka NasgTi,0s and
to follow their evolution as a function of the degree of
substitutionx. 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 ¢liO
octahedra that is due to slight deviations of oxygen atoms
from their ideal positions. Finally, a brief theoretical analysis
to establish the groupsubgroup symmetry relations between
the parent phase and the compoumds 0.11, 0.16, and
0.28 is discussed.

Experimental Section

Polycrystalline samples of general composition daaNag 1,06
were prepared by the “liquid mix” technig®fefrom an aqueous
solution of lanthanum and sodium nitrates, La@¥®bH,O and

(24) Rao, R. M. V.; Munekata, H.; Shimada, K.; Lippmaa, M.; Kawasaki,
M.; Inaguma, Y.; Itoh, M.; Koinuma, HJ. Appl. Phys200Q 88, 6,
3756.

(25) Patil, P. V.; Chincholkar, V. SCurr. Sci.197Q 15, 348.

(26) Inaguma, Y.; Liquan, C.; Itoh, M.; Nakamura,Jolid State Commun.
1993 86, 10, 689.

(27) Belous, A. G.; Novitskaya, G. N.; Polianetskaya, Sl2v. Akad. Nauk.
SSSR, Neorg. Matet987 23 (8), 1330.

(28) Belous, A. G.; Novitskaya, G. N.; Polianetskaya, S. V.; Gornikov, Y.
I. Zh. Neorg. Khim1987 32 (2), 283.

(29) Ruiz, A. |,; Lpez, M. L.; Veiga, M. L.; Pico, CJ. Solid State Chem.
1999 148 329.

(30) Rivera, A.; Léa, C.; Santaméa, J.; Vaez, A.; Pars, M. A.; Sanz, J.
J. Non-Cryst. Solid2002 307-310, 992.

(31) Garéa-Martn, S.; Alario-Franco, M. A.; Ehrenberg, H.; Rodriguez-
Carvajal, J.; Amador, UJ. Am. Chem. So2004 126 (11), 3587.

(32) Inaguma, Y.; Katsumata, T.; Itoh, M.; Morii, ¥. Solid State Chem.
2002 166, 67.

(33) Sanz, J.; Alonso, J. A.; Yez, A.; Fernadez-Daz, M. T.J. Chem.
Soc., Dalton Trans2002 1406.

(34) Sanz, J.; Viez, A.; Alonso, J. A.; Fermadez-Daz, M. T.J. Solid
State Chem2004 177 (4—5), 1157.

(35) Fourquet, J. L.; Duroy, H.; Crosnier-pez, M. P.J. Solid State Chem.
1996 127, 283.

(36) Alonso, J. A.; Sanz, J.; Santaraand.; Lém, C.; Vaez, A.; Fernadez-
Diaz, M. T.Angew. Chem., Int. E200Q 39, 3, 619.

(37) Ruiz, A. |,; Lgpez, M. L.; Pico, C.; Veiga, M. LJ. Solid State Chem.
2002 163 472.

(38) Rivera, A.; Léa, C.; Santaméa, J.; Vaez, A.; V'yunov, O.; Belous,
A. G.; Alonso, J. A,; Sanz, hem. Mater2002 14, 5148.

(39) Pechini, M. U. S. Patent 3,330,697, 1967.

Results and Discussion

The synthesized samples were k#ag 45T1,06 (X = 0.16)
and La o MNay33Ti0s (x = 0.11) in which the metal ratios
were obtained by chemical analysis and compared with the
phase LaodNags4Ti206 (x = 0.28), previously described by
us¥’ 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< 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 (B9,
and (0 1Y), reflections arise when decreases from the

(40) Rodfguez-Carvajal, JPhysica B1993 192, 55.
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Figure 2. SAED patterns and HRTEM images corresponding to ti@]lzone axis for the samples (&)= 0.28, (b)x = 0.16, and (ck = 0.11. Subscripts
stand for the following: p, ideal cubic cell; d, diagonal cell; dc, double orthorhombic cell.

compositional limitx = 0.28. These extra reflections are
indicative of a supercell and can be indexed by considering N NN ' \
either a diagonal or double cell with respect to the primitive A
one. The unit cell dimensions are related to the aristotype
ones as follows:a ~ b ~ +/2a, andc ~ 2a,ora~ b~ ¢

~ 2a, respectively, where, is the parameter of the idealized
cubic perovskite cell of about 3.9 A. In a previous wéfk,
we have reported that the = 0.28 specimen exhibits a
diagonal cell as was deduced from electron and neutron
diffraction data.

(100 :lp;{1‘|0:|r_| .

Some authord 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 sgerri - -e"‘-“‘%”’-‘!v‘?’? p
images along the_[]IO]p zone axis for the three compositions. . % - » * o PR
In thex = 0.28 ED pattern (Figure 2a) the (0'Q),, (/2 1> : o
0),, and /> ¥/, 1), superlattice reflections are observed and -l
they can be Inde)_(ed (_)n the ba_‘SIS of a double or a dlagonalFigure 3. SAED patterns and HRTEM images corresponding to the [001]
cell that are detailed in the adjacent scheme. The HRTEM zone axis for the samples (&)= 0.16; and (b)x = 0.11.
images show one domain with periodicities, 2long [001}

andv/ 2a, along [110} directions. A similar situation is found 4000 2000
for the remaining compositions< (= 0.16 andx = 0.11, 2000 1000
Figure 2b and c, respectively) with the only difference being 0
the absence of thé/{ Y/, 0), superlattice reflection. Therefore, 2000, 106 108 110 112

cells of dimensions/2a, x +/2a, x 2a, or 2a, x 2a, x
2a, must be considered for the three compositions.

On the other hand, Figure 3 shows the patterns corre-
sponding to the [00}]zone axis for the samples= 0.16
and 0.11, which present some relevant differences between : : : : . :
them. Thus, fox = 0.16 (Figure 3a) the (0 8,), and (0Y» 0o s (o‘;° 10 130 150
) rgflectlons clearly appear but thﬁ'z(llz ) One.IS. ab.sent Figure 4. Experimental, calculated, and difference neutron diffraction
again. The corresponding HRTEM images exhibit different paterns for the sampbe= 0.16. The inset shows a magnification of the
kinds of domains, such as regions witRa, periodicity zone P = 106-112.
along the [100Q] and [010} directions and areas having a
~+/2a, periodicity along the [11Q] direction. It can be Therefore, the compounds L@Nao saTi20s (i.e.,x = 0.28)
concluded that this crystal is formed by three sets of and La.iNaosTiOe (i.e.,x = 0.16) show the same diagonal
microdomains in the/2a, x +/2a, x 2a, cell with thec basic unit cell {/2a, x v/2a, x 2a), but a double unit cell
axis orientated along one of the three main crystallographic (28 x 23, x 2a,) seems to be more adequate to describe
directions in each domain set. These results foxtise0.28  the oxide LaNays3Ti20s (i.€.,x = 0.11). Both latter phases
and 0.16 samples agree well with those previously obtained€xhibit the (0 0/2), reflections, for which = 2n + 1, that
by us by neutron diffraction techniqu&Nevertheless, the ~ can be related to an ordering of the La and Na ions and

1000+

Intensity (a.u.)

0-

I O o )

x = 0.11 ED pattern shows extra reflections df (/> 0), vacancies within the A-sites.
(Figure 3b), and the corresponding HRTEM image along the  The respective powder neutron diffraction patterns<of
[001], zone axis only presents one domain witly @eriodic- = 0.16 andx = 0.11 samples are shown in Figures 4 and 5.

ity that suggests a unit cell of parametee X 2a, x 2a,. Besides the superlattice reflections, due to the alternative
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6000 T T T Table 1. Refined Atomic Positions, Occupation for La and Na lons,
2000 Isotropic Temperature Factors (in A2), Cell Constants (in A), and
4500- 1000 i R-factors for Lal,sa-xNa’ngizoe
-~ 0 x=0.11 x=0.16 x=0.28
= 106 108 110 112
g 3000+ 1 Ccmmm Pbmm Ibmm
= (La/Na)l  x 0.00 0.7453(5) 0.0019(1)
= 15004 . y 0.2530(1) 0.25 0.0000
2 z 0.00 0.00 0.2500
k) . i N 0.94(2)/0.01(2)  0.83(4)/0.12(1)  1.05/0.84
E 0 IR FEPREEE REEEEEE OO0 R nmn movnnn w1 ﬁ 0'12(3) 0'39(6) 0'97(4)
+ P (La/Na)2  x 0.00 0.7614(8)
10 30 50 70 90 110 130 150 y 0.2576(3) 0.25
26 () z 0.50 0.50
N 0.28(5)/0.32(1)  0.34(2)/0.36(1)
Figure 5. Experimental, calculated, and difference neutron diffraction p 1.12(5) 1.16(5)
patterns for the sampbe= 0.11. The inset shows a magnification of the Ti X 0.2471(6) 0.2560(1) 0.0000
20 = 106-112 zone. y 0.00 0.25 0.5000
z 0.2604(3) 0.2574(4) 0.0000
: - B 0.32(5) 0.39(4) 0.82(8)
arrangemen.t.of La and Na ions and vacant sites along the o1 " 0.2727(2) 0.2102(1) 0.0452(2)
c-axis?’ additional extra peaks were detected. All of them y 0.00 0.25 0.5000
could be indexed in a diagonal cell for both compounds. z 0.00 0.00 0.2500
Nevertheless, the intense (31 1gflection that appears a2 B 0.78(2) 0.92(1) 1.52(1)
, ' o 02 X 0.2269(4) 0.2863(4) 0.7500
~ 110 is clearly split in three components far= 0.11 but y 0.00 0.25 0.2500
is unigue forx = 0.16 (see insets in Figures 4 and 5). Taking z 0.50 0.50 0.0238(5)
. . o ) B 1.16(5) 1.47(5) 1.38(7)
into account this feature it is evident that the pattern o, " 0.00 0.00
corresponding to LgNay 33Ti20s must be indexed using a y 0.00 0.00
double unit cell, i.e.a (= 2a,) x b (= 2a,) x ¢ (= 2a) 2 0(-)2%(71()2) 06751518()5)
mstead_ of the diagonal one that is more appropriate feita o4 " 0.00 0.50
Na.48T1,0%. y 0.50 0.00
The structures of LgsdliozsTi0s%% and La gdio 1671057 z 0(-)25354(4) 0(-)787;175(5)
were chosen as trial models for fitting the neutron diffraction g 'f '0.255) 870)
patterns ok = 0.16 andk = 0.11, respectively. The observed y 0.25
and calculated patterns as well as the differences between 2 0(')22?(745)5)
them using the®Pbmmspace group fox = Q.16 and the A 7.7234(2) 5.4766(2) 5.4798(2)
Cmmmone forx = 0.11 are also shown in Figures 4 and 5. b 7.7485(2) 5.4763(4) 5.4753(4)
Structural parameters, agreement factors, and isotropic factors c 7-73822(3) 7-16351(5) 7-1%332(5)
for La, Na, Ti, and O are given in Table 1. The agreement ';'; 197 568 162
factors, Rs, R,, and Ry, are lower than 5, 6, and 7%, Rwp 6.73 6.89 5.83

respectively, and such refinements confirm the validity of
the corresponding structural models. In conclusion, La and oxygen displacements are also responsible for distortions in
Na ions and the vacancies are located on the highestthe TiOs octahedra in which two longer and two shorter
coordination A-sites and Ti atoms are on the octahedral Ti—O distances with respect to the mean values were
B-sites. The occupancy of the A-sites is consistent with the deduced along the-axis. Table 2 gathers these distances
chemical formulas for both samples and shows the sequencdabeled as T+O1 and Ti~O2 for x = 0.11 Cmmn) and
of nearly occupied planeg & 0, N ~ 0.95). These planes 0.16 Pbmn), respectively. Such distortions were not ob-
alternate along the-axis with those containing the remaining served for thex = 0.28 derivative where a random distribu-
La/Na atoms and vacanciesz= 0.5). By contrast, in the tion of La®* and Na cations was found. The average of
= 0.28 sample where the number of vacancies is practically Ti—O interatomic lengths scarcely varies from 1.947 to 1.949
negligible, the vacancies and La/Na cations are distributed A, and they are in good agreement with the Shannon ionic
at random in the above-mentioned A-sites (the correspondingradii sums*! To study the TiQ octahedra distortion, the
data are included in Table 1 for comparison). O-Ti—O angles have been calculated, giving different
With regard to the location of Ti atoms in these ordered deviations from the ideal cubic perovskite {Hhgle) as far
structures CmmmandPbmn), the atomic coordinate along  as 6 for the A-ordered phase€(mmmandPbmnmn), whereas
the ordering axis is~0.26 showing that these cations are the deviation ist0.4° for the remaining onelmm).
slightly displaced from their ideal positioz & /,) toward Table 2 also includes the-AO interatomic distances for
the upper [La/Ng—0O2 layer. The cation deficiency in such the title compounds that are compared with the expected ones
a layer ¢ = 0.5) provokes an excess of negative charge that from the Shannon ionic radii. These results suggest that
is compensated by the approach of highly chargett Ti lanthanum and sodium cations are located on distorted 12-
cations. Thez atomic coordinates of O3 and O5 for the coordinated polyhedra in which interatomic distances vary
Cmmmstructure and O4 for thbmmone vary between  over a wide range (between 3.0 and 2.6 A), although the
0.21 and 0.23, showing that these atoms are displacedmean A-O lengths are of the same order as the expected
downward from their ideal positions to the La/Na nearly
occupied layer with relative excess of positive charge. These(41) Shannon, R. DActa Crystallogr. A1976 32, 751.




Neutron Diffraction Study of Ligs xNagTi:0s Peravskites Chem. Mater., Vol. 17, No. 6, 2006395

Table 2. Main Interatomic Distances_ (in A) and Angles (deg) for oxygen atoms in th@c-plane and theCmmmecell has an
L8 33-xNaaTi206 antiphase tilting along thb-axis [&#b-c? in Glazer’s nota-
Cmmm Pbmm Ibmm tion*243.
=0.11 =0.16 =0.28 - .
S NAL oL 2(;77 1 )2 (); 530 4) (Xz 598 3) Similarly, Figure 6b shows a structural scheme for xhe
a)l— . . . .
I ) I 2_597((4))§ 5 2_749(1§X)2 2_74(1)>E 3 =0.16 §ample. Note tha.t T@ctahedra plane runs a_llt_)ng
2.546(2) 2.482(5) the ab-diagonal of the primitive cell as well as the tilting
d[(La/Na)1-02] g-gfg((g))Xfl associated to the schemeb& . With respect to the (La/
d [(La/Na)1-03] 2560(3)x 2 2.784()x 4 x Na)Oy, polyhedra (Figure_ 6b), the_ difference be_tw_e_en the
d[(La/Na)1—04] 2.805(2)x 2 2.596(7)x 4 shortest and longest-0 interatomic distances diminishes
d[(La/Na)1-05] 2.669(7)x 4 because of the higher content oftteand N& cations in
d(ta/Naj2-02] S:SSE§§;§ g 2_3,'5817(3?2 thez = 0.5 plane. For instance, the highest [La/Na{Z}}3
2.602(4) bond length in theCmmmwas 3.02 A and now is 2.91 A
g[(LzNa)g—gﬂ g-ggg(’o’)x g %-881(1)X 4 (to O4 inPbmn), and the [La/Na(1)}} O3 one was 2.56 A
d&ka/“ggziog% 2:815247‘3§ s - 1@ 4 and changes to 2.59 A in this diagonal structure.
d [(La/Na)1—0] mean 2.695 2.708 2.742 To complete the structural evolution with composition in
d[(La/Na)2—QO] mean 2.790 2.779 i ; g i i
d [(La/Na-O] mean 5743 5743 2722 this series, it is m_terestlng to_compare the above results with
Shannon 277 277 277 thos_e of _the_l|m|t phasex(—_ 0.28, space groupbmim),
d(Ti—01) 2.035(2) 2.014(3) 1.952(%) 2 depicted in Figure 6¢. Recalling that the La/Na planes have
d(Ti—02) 1.871(1) 1.890(1) 1.945(6) 4 imi i i istributi
d(Ti—03) 1045(2)  1.050(2) 2 similar atomic contents and there is a random distribution
d (Ti—04) 1.954(4) 1.930(1x 2 of both elements on them, the corresponding polyhedra are
d (Ti—05) 1.946(5)x 2 identical. Therefore, interatomic-A02 distances are of 2.61
d (Ti—0) mean 1.949 1.947 1.947 and 2.86 A, closer than in the previous cases. Both distances
Shannon 2.00 2.00 2.00 .
¢~ angle 52 6.2 73 alternate with respect to the upper and lower A-planes. In
4.9 5.5 this case the octahedra tilting (@c") is the same as that in
01-Ti—02 89.7x 4 Pbmm
90.3x 4
01-Ti—03 84.4 84.4¢ 2 ) Table 2 shows the tilt angles, calculated by using the
O01-Ti—04 85.1 87.6x 2 refined crystal parameters, decrease{73%.2 to 5.2) as
8%:2:% 84.5x2 90.3% 2 the vacant A-sites increase. The octahedra tiltings were
89.4% 2 estimated from the inclination of apical oxygen atoms (O1
02-Ti—-03 96.4 94.1x 2 and 02 forCmmmandPbmm and O1 folbmn) with respect
83:2:8‘51 gs?j'xlz 93.9¢2 to the c-axis. Moreover, a second tilt angle is found in the
03-Ti—03 88.6 diagonal cells, because they are consistent with a two-axis
82—?—8‘51 80 62 89.9x 2 tilt system, and this angle also decreases°®(5054.9) in
— 11— .OXx
04-Ti—04 904 the same sense as before. o _
04-Ti—05 89.4x 2 In conclusion, the structural characteristics of this perovs-

kite-type series, in particular the cation ordelisorder

ones. The different degree of cation occupancy in the La/ phenomena on the A-sites and the B@tahedra tilting,
Na layers is the cause of the two different kinds of seem to be related to the vacant A-sites number. When
A-polyhedra, [La/N3O;, and [La/N&O1, found inCmmm  vacancies increase, the octahedra tilting decreases and the
and Pbmmcells, whose mean AO distances are 2.7 and  12-coordination hole in the= 0.5 plane is bigger than that
2.8 A, respectively. in thez = 0 one. This conclusion is supported by the phase

To visualize the distinctive features found in this series, Lao.saTioedNDoogOs, described as an orthorhombic double
Figure 6 gives a nonconventional picture of the gihd cell** In this phase the number of vacant A-sites is higher
(La/Na)Q, frameworks separately for these derivatives. than in ours and shows a smaller octahedra tilting°§4.7
Starting from the more regula€mmmspace group that As a hypothesis, these facts could be related to the well-
describes the phase= 0.11, one can see that La(l)O0  known features in the Reand CaTiQ types. In the first
and [La/Na(2)]Q. polyhedra alternate in thec-plane structure type all the A-cation sites are vacant and the void
above and below the TiDoctahedra (Figure 6a). An defined by oxygen atoms is a regular cuboctahedron. In the
interesting point to be noted is the relatively high difference perovskite-like structure of CaTiQOall the A-sites are
between the AO interatomic distances. The O5 and O3 occupied but oxygen atoms are displaced from their ideal
atoms are clearly displaced toward the La(1) atoms (2.66 positions and the coordination number of’Cas 8; as a
and 2.56 A, respectively) and moved away from the La/Na- consequence, the TiObctahedra show a tilting angle of
(2) ones (2.81 and 3.02 A, respectively). As a consequencelQ’. In our system Lass xNaTi-Os we have interme-
of the octahedral tilting, the AO4 distances are of the same diate situations with respect to the number of vacancies in
order as the AO5 ones but in the opposite sense. In this the A-sites. For the composition = 0.28 this number is
respect, the mean distances at these four equatorial oxygen
atoms indicate that they are nearer to thé plane than to (42) Glazer, A. M.Acta Crystallogr. B1972 28, 3384.
the plane built by La,dNao 51004 Therefore, the Ti@tilting (43) Glazer, A. M.Acta Crystallogr. A1975 31, 756.

- . ~ (44) Yashima, M.; Mori, M.; Kamiyama, T.; Oikawa, K.; Hoshikawa, A.;
around the A-sites provokes a zigzag arrangement of apical  Torii, S.; Saitoh, K.; Tsuda, KChem. Phys. LetR003 375, 240.
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a) x=0.11 b) x=0.16

. 201
J La(l) 02
@ La/Na(2) <03

- 304
@i 05

Figure 6. Cation polyhedra arrangements for & 0.11; (b)x = 0.16; and (cx = 0.28. Upper graphs refer to B@ctahedra and lower graphs stand for
AO;; polyhedra.

Scheme 1. Structural and Group-Subgroup Relationships of La 33—xNag Ti.Og, Starting from the Parent Cubic Aristotype
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*Non conventional symbok Wyckoff site labels and atomic coordinates for A, B, and O ions.

low and the unique effect is the TiQoctahedra tilting, A-sites increases, these are concentrated on alternate planes
analogous to the case of Cagi@hen the number of vacant  together with sodium cations and we can imagine that
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pseudo-planes of “Re3 and “CaTiOs"-types are super-  orthorhombic space groups are shown in Scheme 1 where
posed along the-direction. Therefore, the tilting angle of the new cell is depicted in dotted lines.

TiOg octahedra could be progressively reduced as the degree This theoretical groupsubgroup study is linked with the

of substitutionx, diminishes because the “right” ReGke three structural degrees of freedom in perovskite-type deriva-
pseudo-planes exert a more predominant effect on the abovaives®> and clarifies the experimental tendency to higher
tilting. tiltings of BOs octahedra as the vacant A-sites decreases. In
the title compounds the A-cations exhibit a quite distorted
Overview of Symmetry Relations cuboctahedral coordination that is compatible with the

relative size of the ions implied in such structures. As stated
@bove, this distortion is a consequence of displacements of
Xygen anions that provoke the tilting of BOctahedra.

The above-discussed structural relations in the title system
as well as the oxygen displacements can be better understoo
by taking into account some symmetry arguments. Different
structural analyses in perovskite-type compounds attract great
attention in order to establish adequate relationships between

5 N 46 i ’ . . " .
Thomas® and Miller,*® and according to Hermann's theo-  microscopy techniques allowed to us to establish without

rem#’ Scheme 1 shovys growysubgroup relati'onships in our ambiguity the structural changes governed by stoichiometry
system starting off with the parent cubic aristotypeBm. in the perovskites Lass xNag,Ti>Os.

Next to Scheme 1 the main structural features and the most
representative idealized structures are depicted.

Conclusions

On the other hand, the analysis carried out by means of
. . group—subgroup relations explains how slight variations in
The transformation to tetragon&4/mmmgroup is ac-  composition produce displacements in the oxygen atoms that
complished by the disappearance of the 3-fold axes, and thgeaq to different space groups. Thus, the= 0.11 sample
new lattice parameters must vary according to the changegnows a double orthorhombic cell (space graDmmn)
in symmetry (noted on the arrova’ = b’ = C). This process  \yhereas thex = 0.16 and 0.28 ones present diagonal

implies that the maximal nonisomorphic subgrouptisifis- orthorhombic cells whose space groupsRibenmandibmm
lationengleichi of index 3 (i.e.,t3). The second step in this respectively.

family tree involves an enlargement of the unit cell blg2a
operator that preserves the tetragonal symmetry, giving rise
to the F4/mmm nonconventional symbol. A furthet2
transformation leads to tHemmmmaximal nonisomorphic
subgroup. However, this space group is not compatible with
the experimental systematic extinctiods+ k = 2n + 1)

that suggest a face-centei@dype lattice. According to that,
the following step is th&2 transformation taCmmmspace
group, giving as a result a reduction in the centering of the

new cell. From this latter orthorhombic group two different  Acknowledgment. We appreciate the financial support of
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Finally, Cmmmand Pbmmphases are built by layers of
La and Na/vacancies that are alternately occupied and partly
occupied along the-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 inlbmmecell, in which Ti cations are located in fixed
special sites.




