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Structural characterization of La,,L0,,,Ti,0s, which is a
representative member of the series La, 5;__ Li, Ti,O4 by neutron
diffraction at several temperatures (300, 400, 600, and 800 K) is
performed. Crystal refinement was carried out by the Rietveld
method and confirmed that this phase adopts a tetragonal sym-
metry (space group: P4/mmm) with an ordered distribution of the
cations on the perovskite A sites. © 1999 Academic Press
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INTRODUCTION

Ionic conducting materials have received considerable
attention in the last few years, especially in a family of
perovskites of general formula Ln 3 Liz[5/5-2,T1,06
(1-4) for which very high values of conductivity
(107°-1073*S.cm ™! at room temperature) were reported.
Nevertheless, the crystal structures of these lithium rare-
earth-metal perovskites have not been well established until
now. Some authors (5-7) proposed an orthorhombic unit
cell for these phases where the Li and La ions were dis-
ordered on the A sites and the Ti ions were fully occupying
the B sites. An important structural feature that remains
unexplained in these previous studies is the extremely low
values given for Ln-Li distances (ca. 0.62-0.89 /OX) that are
clearly unacceptable. On the other hand, Fourquet et al. (3)
reported a tetragonal cell in which the rare-earth, lithium,
and vacancies are in the 12-coordinated sites with an or-
dered distribution. The results are based on XRD studies.
From these controversies it became necessary to clarify
what is the actual structure of these materials, from which
one could interpret the ion conduction mechanism and
other related properties.

The aim of the present work is to establish the crystal
structure by means of neutron diffraction data for a repre-
sentative phase, La {,Lig 6,T1,05.
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EXPERIMENTAL

Polycrystalline samples La; 33-.Li3, Ti,Og where x =
0.21 were prepared by “liquid mix” technique (8) from pow-
dered mixtures of La(NO3);-6H,0, LiNOj3, and TiO,, in
stoichiometric ratio, thermally treated at 1248 K for two
days, as described elsewhere (9).

Chemical analysis was performed wusing induc-
tively coupled plasma (ICP) spectroscopy in a JY-70
apparatus.

Neutron powder diffraction data were recorded at four
different temperatures on the D1A high-resolution powder
diffractometer (A = 1.9110 A) at the Institut Laue-Langevin
(Grenoble, France). The neutron and X-ray diffraction pat-
terns were analyzed through the Rietveld method by the
Fullprof program (10). A pseudo-Voigt function was chosen
to generate the lineshape of the diffraction peaks.

RESULTS AND DISCUSSION

Elemental analysis of this sample revealed a loss of lith-
ium with respect to the initial stoichiometric amount,
La; ;,Lip¢6Ti,O6, and the real composition was
La; 15Li0.62Ti506.

The X-ray diffraction patterns for the title compound
could be assigned to a tetragonal symmetry and they were
analyzed by the Rietveld method. Powder X-ray diffraction
patterns of the as-made sample revealed a single-phase
material. All the observed reflections could be indexed in the
space group P4/mmm, but the corresponding R factors were
quite high (2). In principle, this fact could be due to the low
scattering factor of lithium and oxygen atoms.

To clarify this uncertainty, neutron diffraction data were
recorded at several temperatures (T = 300, 400, 600, and
800 K). Structure refinements were carried out in the same
tetragonal unit cell (space group P4/mmm), but a close
examination of the fitted profiles (Fig. 1) revealed the pres-
ence of a small number of extra reflections. These could not
be accounted for any supercell, so they were assumed to be
due to a low content (< 3%) of a new phase, as impurity,
La,Ti,O5 (11). The concentration of La,Ti,O-, that was
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FIG 1. Powder neutron diffraction of La; ;,Liy.¢,Ti,Os at (a) 300, (b) 600, and (c) 800 K.

not detected in the X-ray patterns was included in the
refinement as a second phase.

The observed, calculated, and difference neutron diffrac-
tion profiles at 800 K, are shown in Fig. 2 (in which the
above extra lines are marked with asterisks). Refinement
details are summarized in Table 1 and the new R factors

seem to confirm the validity of this structural model. The
variation of cell parameters (a and c¢) of this compound as
a function of temperature is shown in Table 1 and their
values increase with the temperature.

All atom positions are located in special sites, where the
z value of Ti and O1 must be calculated. Atomic coordinates
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FIG 2. Calculated (dots) and observed (line) ND patterns and difference spectrum for La, ;,Lij ¢,Ti,O4 at 800 K.
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TABLE 1
Refined Crystal Data for La, ;,Li,¢,Ti,O4

800 K 600 K 400 K 300 K
a 3.8825(3) 3.8787(5) 3.8745(8) 3.8697(8)
¢ 7.8079(8) 7.7991(1) 7.7836(9) 7.7756(5)
14 117.69(4) 117.33(5) 116.84(5) 116.44(6)
R, 6.57 7.31 6.17 7.72
Ryp 9.1 102 8.24 10.7
Rexp 391 3.93 3.23 6.14
Ry 3.71 4.14 3.88 3.90

as well as both isotropic and anisotropic thermal para-
meters that were used in the refinement are listed in Table 2.
The occupation factors for La®*, Li*, and vacancies and
the z-coordinates of Ti and O1 are shown in Table 3. It can
be observed that the la sites are markedly preferred by
La3* whereas all the vacancies are concentrated in the
plane where the great majority of lithium is found. This fact
confirms that this model is characterized by an ordered
distribution of La3*, Li*, and vacancies on the A4 sites (1a
and 1b) of the perovskite structure.

TABLE 2
Crystallographic Data for La, ;,Li, ¢, Ti,O
Uiso
Atomic
Atom  Position coordinates 800K 600K 400K 300K
Lal la 0,0,0
La2 b 0,0, 0.13(5) 0.21(2) 0.13(6) 0.09(2)
Lil la 0,0,0
LD b 00,1 2.05(6) 2.82(7) 4.53(2) 4.22(3)
Ti 2h 33z — — — —
o1 4i 0,3,z — — — —
02 1c 1,3,0 — — — —
03 1d 144 — — — —
Anisotropic temperature factor/10 2 A
Unniso
Atom Position 800 K 600 K 400 K 300 K
Uy, 3.12(3) 3.16(1) 4.56(2) 3.59(7)
Ti U,, 3.12(3) 3.16(1) 4.56(2) 3.59(7)
Uss 0.07(4) —0.05(2) —047(6) —0.45(2)
Uy, 0.95(4) 0.79(8) 1.73(3) 0.96(5)
o1 U,, 4.09(1) 3.83(5) 4.47(1) 3.20(2)
Uss 1.28(6) 1.22(3) 1.07(2) 1.28(7)
U, 4.84(1) 4.67(5) 5.2909) 4.63(6)
02 U,, 4.84(1) 4.67(5) 5.29(9) 4.63(6)
Uss 1.16(3) 1.11(7) 1.36(8) 0.48(5)
Uy, 6.90(1) 6.01(6) 7.60(5) 6.66(2)
03 U,, 6.90(1) 6.01(6) 7.60(5) 6.66(2)
Uss 0.18(7) 0.26(4) 0.03(2) 0.60(1)

TABLE 3
Fractional Atomic Coordinates and Occupation of 4 Sites
Coordinates Occupation
Temperature z(Ti) z(Ol) Lal La2 Lil Li2 O
800 K 0.257(3) 0.236(7) 0.801(3) 0.310(3) 0.190(5) 0.430(3) 0.26
600 K 0.257(1) 0.236(1) 0.814(4) 0.306(1) 0.186(9) 0.434(4) 0.26
400 K 0.258(4) 0.234(4) 0.812(9) 0.308(1) 0.188(8) 0.432(5) 0.26
300 K 0.258(8) 0.237(3) 0.811(9) 0.309(1) 0.189(6) 0.431(2) 0.26

Table 4 contains the most representative bond lengths as
well as their comparison with the sum of Shannon ionic
radii and the mean bond lengths. These data suggest that
the TiO¢ octahedra are distorted along the c-axis with
a shorter Ti—-O3 distance as opposed to a longer Ti-O2 one
and showing four equal Ti-O1 distances in the equatorial
plane. The preferential location of the La** ions on 1a sites
probably causes the displacement of Ti** toward the O3
atoms (2, 3). As a result of the above considerations, the
La®** and Li* cations have a distorted 12-coordination
polyhedra. Figure 3 shows the main features of this phase.
Basal planes (z = 0) correspond to the la sites and the
intermediate one (z = 3) to the 1b sites.

Some authors (5, 6) have suggested that Ln and Li
cations are occupying 8-coordination sites with anomalous
distances such as Nd-Li = 0.89 A, Pr-Li = 0.62 A, and
La-Li= 0.699 or 0.866 A. In this respect, the structural
determination carried out by us gives a more accurate
length for La-Li = 3.87 A (300 K); that is, it corresponds
to the distances between la and 1b sites in this space

group.

TABLE 4.!
Main Interatomic Distances (A) for La, ;,Li,,Ti,O
Temperature

800 K 600 K 400 K 300 K
M1°-0O1 (x 8) 2.677(1) 2.674(4) 2.661(6) 2.671(5)
M1-02 (x4) 2.745(3) 2.743(1) 2.740(7) 2.736(7)
M2°-01 (x 8) 2.831(8) 2.828(4) 2.834(3) 2.816(1)
M2-03 (x4) 2.745(2) 2.743(9) 2.740(2) 2.736(3)
Mean M-O 2.751 2.748 2.745 2.741
Shannon La-O  2.76
Ti-O1 (x 4) 1.948(2) 1.946(3) 1.946(7) 1.942(1)
Ti-02 2.009(8) 2.004(4) 2.005(1) 2.01003)
Ti-O3 1.895(6) 1.895(2) 1.887(6) 1.878(7)
Mean Ti-O 1.949 1.947 1.946 1.943
Shannon Ti-O  2.005

‘M1 =La/Liinz=0.
M2 =La/Liinz=1



332 RUIZ ET AL.

Key symbols

La* ® T1i*
® L e O
L) Vacancy

FIG 3. Structural model for La; ;,Lig 6,Ti,O6.
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