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Abstract

High-temperature behavior of the fast ionic conductor Lig,NagsLag sTiO3 has been investigated by neutron powder diffraction
between 300 and 1073 K. The Rietveld analysis of diffraction patterns showed around 1000 K a change from rhombohedral (R3c¢) to
cubic (Pm3 m) symmetry. During the heating, the tilting of octahedra along the [111] direction of the cubic perovskite decreased and
the rhombic distortion of oxygen square windows that relates contiguous A-sites of the perovskite was eliminated. The influence of

the octahedral tilting on Li mobility is finally discussed.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The discovery of the high ionic conductivity in
(Li,La)TiO5; samples [1,2], with perovskite structure
(ABO3), has triggered off a great deal of research
activity to analyze structural features that determine the
high mobility of lithium (¢ ~ 107> Scm~"! at 300 K). An
overview of the chemical composition and crystal
structure data reported for this system in the literature
can be found in Ref. [3]. However, the actual mechanism
of Li conduction is not clearly understood. In these
perovskites, La® " ions can be substituted by Li* ions,
constituting the solid solution with general formula
Lis La, /3, TiO5 where the amount of nominal vacant A
sites is given by [0 =1/3—2x. In these perovskites, the
presence of vacancies plays an important role. Li-poor
perovskites, x<0.06, display an orthorhombic symme-
try and the ordering of vacancies in alternate planes
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favors a two-dimensional mobility of lithium [4,5]. In
samples with higher Li contents, x> 0.1, the ordering of
vacancies decreases and the structure becomes tetra-
gonal [6]. Finally, Li-rich samples quenched from high
temperature [7-11] adopt a pseudocubic symmetry in
which vacancy ordering is removed and Li mobility
displays a three-dimensional character.

The use of neutron diffraction (ND) technique is
particularly adapted to study the exact position of light
elements, like Li and oxygen. Previous studies allowed a
precise determination of La—O, Ti—O and O-O distances
in LizyLas5_, TiO3 perovskites [12-16]. The unusual Li
location at unit cell faces of the perovskites permit to
understand high Li conductivity values of this series. In
particular, partially occupied Li (1/6) and La (1/2) sites
of the LijpsLaj sTiO3 end member, supply an intercon-
nected pathway for the Li diffusion. On the other hand,
Li conductivity decreased drastically when Li was
substituted by Na ions in Ligs_,Na,LaysTiO; perovs-
kites [17,18]. This fact was interpreted on the basis of
percolation theory, assuming that Na ions occupy A-
sites and Li ions occupy faces of the perovskite unit cell.
According to this fact, the number of vacant A-sites is
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reduced with the Na content, decreasing drastically the
conductivity when the amount of vacancies approached
the percolation threshold, n, = 0.31.

In the present paper, we report a detailed neutron
diffraction (ND) investigation of structural changes
produced in the Lig,Nag3lagsTiO; perovskite in the
temperature range 300-1073 K. In particular, changes
produced during heating in LaO;, and TiOg polyhedra,
disposition of octahedra and oxygen square windows
have been analyzed. Finally, the influence of detected
modifications on transport properties of perovskites is
discussed.

2. Experimental

The Lip,Nag 3Lag sTiO3 sample was prepared by solid
state reaction of a stoichiometric mixture of high-purity
"LiOH-H,0, Na,CO;, La,O; and TiO, reagents
[17,18]. Na and Li losses produced during calcinations
were minimized using slow heating rates (1°/min).
Pellets of the calcinated powder were finally fired at
1600 K in air for 6 h, and quenched in liquid nitrogen.
The final chemical composition of the sample was
evaluated through inductively coupled plasma spectro-
scopy (ICP) using a JY-70 plus spectrometer. For that,
the sample was dissolved by digestion with H,SO4 and
(NH4),SO4. The homogeneity of the sample was tested
by means of a Philips XL30 Scanning Electron Micro-
scope equipped with a back-scattered electrons detector
(BSE).

X-ray diffraction (XRD) experiments were carried out
in a Philips X’Pert automatic diffractometer with (6/20)
Bragg—Brentano geometry, CuKo radiation and a
curved graphite monochromator.

ND patterns were collected in the very high-resolution
powder diffractometer D1A at ILL-Grenoble. A wave-
length of 1.912A was selected from a Ge monochro-
mator. The counting time was 4h, using about 4g of
sample contained in a vanadium can. ND patterns were
recorded in a furnace in the 300-1073K range. A
pseudo-Voigt function was chosen to reproduce the line
shape of diffraction peaks in structural refinements. The
Rietveld analysis of ND patterns was carried out with
the Fullprof program. In this analysis, coherent scatter-
ing lengths used for La, Li, Ti and O were 8.24, —1.90,
—3.30 and 5.80 fm.

3. Results

XRD and scanning electron microscopy (SEM)
analyses of Liy,Nag3Lag sTiO5 revealed the high purity
of the sample. The room temperature XRD pattern was
fitted with a single cubic unit cell (Pm3m S.G.;
a =3.8001A). Fig. 1a shows the temperature depen-
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Fig. 1. (a) Neutron diffraction patterns of the Liy,Nag;LagsTiO3
perovskite measured at different temperatures. Each pattern was
collected after 30min of temperature stabilization. Arrows denote
rhombohedral superstructure peaks that disappear during sample
heating. Indexation of the end perovskite member was carried out
considering rombohedral (Rﬁc) and cubic (Pm3m) symmetries. (b)
Rhombohedral lattice constants of Liy,Nag3La, sTiO3 perovskite as a
function of temperature. The solid lines correspond to the linear fit.

dence of ND patterns with temperature. Each pattern
was collected after 30 min of thermal stabilization, once
the furnace temperature was achieved. At room
temperature the sample displays the rhombohedral
symmetry (R3¢ S.G.; a=5479 and c=13414A)
reported in the quenched LiysLaysTiO3; perovskite
[12]. The shift of diffraction peaks towards lower 20
values, is a consequence of the thermal expansion of the
perovskite.

Fig. 1b shows the temperature dependence of the
lattice constants deduced from the refinement of
diffraction patterns with a hexagonal unit cell (R3c
S.G.). The lattice parameters increase smoothly with
temperature in a linear way. Expansion of lattice
parameters was fitted to the relations a(7T) = ay + a; T
and ¢(T)=cyp+ c;T. The expansion coefficients de-
duced for ¢ and ¢ parameters are 1.165x 10~> and
1.174 x 107K ~". In all the temperature range, the ¢/a
ratio was close to 1, indicating an isotropic expansion of
the unit cell.
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Above 773 K, intensity of superstructure peaks of the
rhombohedral phase decreases progressively with tem-
perature (arrows of Fig. l1a), and finally disappear at
1073 K. Then ND patterns was indexed with the cubic
symmetry (Pm3m S.G.).

The Rietveld analysis of ND patterns showed that La
and Na ions are located in A-sites while Li ions occupy
the centre of unit cell faces of the perovskite (Tables 1
and 2). In this analysis, the isotropic thermal factor of
Na was anchored to that of the La ions. In the case of
oxygen atoms, the consideration of anisotropic thermal
factors improved considerably figures of merit. As an
example of the refinements, Fig. 2 shows fitting of
neutron diffraction patterns recorded at 300 and 1073 K,
using the rhombohedral and cubic models given in
Table 1. Results of ND patterns refinement are given in
Table 2. In all cases, agreement factors attained were
remarkably good.

Table 1
Positional parameters for rhombohedral and cubic perovskites used in
the structural refinement

S.G. R3¢* S.G. Pm3m

Atom Position Atomic Atom Position Atomic
coordinates coordinates

La 6a 0,0, 1/4 La 1b 1/2,1/2, 1)2

Li 18d 1/2,0,0 Li 3¢ 1/2, 1/2,0

Ti 6b 0,0,0 Ti la 0,0,0

(@) 18¢ x~1/2,0,1/4 O 3d 1/2,0,0

“Taken from Ref. [12].
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4. Discussion

Low-temperature ND patterns of Liy,NagsLag sTiO3
displayed rhombohedral symmetry. In this phase La, Na
and vacancy are located in A-sites but Li ions occupy
the unit cell faces of the perovskite (Table 1). As a
consequence of this fact, agreement factors improved
appreciably (R; and Rg) when Li ions were included in
the refinement of low temperature phases (300 and
400 K). The rotation of TiOg4 octahedra around the [111]
direction (¢ <7°) produces distorted LaO, polyhedra in
which three La-O distances, 2.52(3), 2.75(6) and
2.96(3) A were measured. In this phase, the Goldschmidt
tolerance factor, t = d 4—o/+/2dp-0, is 0.995.

4.1. Rhombohedral-cubic transition

The Rietveld analysis of ND patterns showed that
Ti—O distances practically do not change with tempera-
ture. However, mean La—O distances increase from 2.74
to 2.76 A in the temperature range 300-1073 K (Fig. 3a).
From these considerations, it can be concluded that the
increment detected in the tolerance factor is due to the
bigger expansion of AO,, cubooctahedra (aprox. 3.2%)
with respect to that of TiOg octahedra (aprox. 0.6%).
This effect increases Vo /Vp ratio approaching the ideal
value, 5, deduced for perovskites (see Table 3). The same
trend is observed in the Goldschmidt tolerance factor,
that increases from 0.996 to 1 at increasing temperatures
(Fig. 3b). Similar observations were reported by Megaw
and Darlington during the analysis of a large number of

Table 2
Refined structural parameters of Lig, Nag 3 Lags TiO5 between 300 and 1073 K using the rhombohedral distorted perovskite model (R§c space
group)
Atom Parameter 300K 400 K 500K 650K 773K 873K 973K 1073K (C)  Parameter
La/Na B 0.50(5) 0.73(3) 0.78(4) 1.03(3) 1.14(4) 1.41(4) 1.73(4) 1.82(4) B
La occ 0.167(5) 0.164(6) 0.159(6) 0.162(5) 0.175(10) 0.160(5) 0.159(6) 0.166(6) oce
Na occ 0.090(5) 0.104(6) 0.106(6) 0.100(5) 0.062(10) 0.102(5) 0.104(6) 0.084(6) occ
Li B 9.98 11.04 12.63 16.25 14.40 14.42 19.20 20.21 B
occ 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 occ
Ti B 0.79(3) 0.79(3) 0.84(4) 1.00(3) 1.21(4) 1.25(3) 1.39(4) 1.39(4) B
01 x/a 0.5399(6) 0.5386(6) 0.5359(6) 0.5320(7) 0.5255(8) 0.5200(9) 0.507(1) — x/a
B 1.23 1.41 1.55 1.85 2.35 2.51 2.97 2.97(8) B
a (A) 54794 (2) 5.4850 (2) 54907 (3) 54997 (4)  5.5080 (5) 5.5138 (8)  5.5224 (4)  3.9085 (1) a(A)
¢ (A) 13.414 (1) 13.430 (1) 13.443 (1) 13.469 (2) 13.485 (3) 13.507 (4) 13.515(2) — C(A)
14 (A3) 348.78 (4) 34991 (4) 35098 (5)  352.80 (6) 35431 (8) 355.6(1) 356.95(7)  59.707(3) V(A3)
c/a 0.99965 0.99976 0.99979 1.00002 0.99979 1.00021 0.99928 — c/a
R, 1.55 1.56 1.86 1.80 1.73 1.24 2.09 1.09 Ry
Rg 1.09 0.95 1.29 1.23 1.68 0.93 2.63 0.88 Rg
Rp 5.66 5.54 5.66 5.52 4.96 4.95 4.95 4.63 Rp
Rwp 8.20 8.13 8.20 8.07 7.51 7.28 7.47 6.96 Rwp
Rexp 3.86 3.89 3.96 4.01 4.06 4.11 4.19 3.56 Rexp
7 1.97 1.71 1.59 1.56 1.97 1.39 1.32 1.35 7

At the highest temperature, the cubic Pm3m model was used.
*Bequi =4/3[ar*a *B11 + ar*ary* oy + c*c* B3zt ar*ar* Pra+ ar*c* iz + ar* ¥ fas].
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Fig. 2. Refined neutron powder diffraction patterns of
Lip,Nag3LagsTiO; at room temperature (a) and at 1073K (b).
Differences between observed and calculated intensities are shown.
Short vertical bars denote expected Bragg positions.

rhombohedral perovskites [19]. However, expansion of
LaO,, cubooctahedra increases in the same way a and ¢
parameters, making that c¢/a ratios do not change with
temperature.

On the other hand, superlattice reflections of the
rhombohedral phase (R3¢ S.G.) are very sensitive to
oxygen positions, which in the last term depend on the
octahedral tilting [12]. In this phase, the tilting scheme
corresponds to the (a"a a”) type of the Glazer’s
notation (equal out-of-phase tiltings along three ortho-
gonal directions [20]). At increasing temperatures, the
intensity of the superlattice reflections ((113), (125) (315)
and (137)) decreases and disappear at 1073 K. The ND
pattern of the perovskite heated at 1073 K was indexed
with a simple cubic perovskite (a, = 3.9085(1) A). In this
case, the Space Group is Pm3m and the tilting scheme
can be described as (a°a’a”) [20]. It is worthwhile to note
that detection of the rhombohedral-cubic transition was
not possible with our experimental XRD setup, because
this phase, was always seen as cubic with this technique
[7-11].
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Fig. 3. (a) Evolution of La(Na)-O and Ti-O distances with
temperature in the rhombohedral perovskite. (b) Evolution of
tolerance factors with the temperature for the Lig,NagsLagsTiO3
sample.

During the heating of the sample between 300 and
1073 K, the octahedral tilting decreased from 6.5 to 0°
(Fig. 4a). Changes detected in octahedral tilting are
small below 773K but become important above this
temperature. In sample heated at 1073 K, the octahedral
tilting was completely eliminated. The absence of any
discontinuity/slope change in the unit cell volume versus
temperature plot, confirms the displacive character of
the reversible rhombohedral-cubic transition (Fig. 1b).

In the analyzed temperature range, TiOg octahedra
are regular (equal Ti—O distances), but La cubooctahe-
dra display appreciable modifications. In the case of the
cubic phase, a single La—O distance was detected
(2.76 A), while in the rhombohedral phase, three
different distances 2.52, 2.75 and 2.96 A were observed
(Table 3). The distortion of LaO;, polyhedra is a
consequence of the antiphase tilting of TiOg4 octahedra
along the [111] direction, which produces the enlarge-
ment of three La—O distances (La—O'=2.96 A) and the
shortening of other three distances (La—OQ" =2.52 A) in
the cubooctahedra (Fig. 5). The progressive elimination
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Table 3
Evolution of the Ti-O, La—O and O-0O, distances (in A) with temperature; Polyhedra volumes (in A3) and octahedral tilt angles, ¢ (in deg) are also
indicated

300K 400C 500K 650K 773K 873K 973K 1073K (C)
Ti-O 1.946(8) 1.950(2) 1.951(2) 1.952(2) 1.952(3) 1.953(2) 1.952(4) 1.954 Ti-O
{(La-O) 2.742(12) 2.7460(2) 2.748(2) 2.752(2) 2.755(5) 2.758(3) 2.761(6) 2.764 La-O
3 x La-O 2.9588 2.9511 2.943 2.9241 2.8942 2.8681 2.8025 2.764 3 x La-O’
6 x La—O 2.7474 2.7496 2.7517 2.7551 2.7567 2.7593 2.760 2.764 6 x La—O
3 x La-O” 2.5205 2.534 2.5477 2.5755 2.6138 2.6457 2.7199 2.764 3 x La-O"
Va® 48.60 48.81 48.94 49.15 49.31 49.45 49.59 49.77 Va
Vgt 9.82 9.89 9.90 9.92 9.92 9.93 9.92 9.95 Vg
Va/VE" 4.95 4.94 4.94 4.96 4.97 4.98 4.997 5.00 Va/Vs
7° 0.9967 0.9957 0.9962 0.9970 0.9981 0.9988 0.9998 1.0002 T
o(°) 6.46 6.2 5.81 5.17 4.19 3.24 1.17 0 o(°)
(0-0)1 4.195 4.186 4.171 4.145 4.101 4.058 3.96 3.909 (0-0)1
(0-0)s 3.577 3.592 3.613 3.648 3.698 3.746 3.848 3.909 (0-O)s

Y4 = V(LaOy,) = (10/3/2)(d4-0)’,
b7 = Goldschmidt tolerance factor = d4—o/+/2dp—0.
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Fig. 4. (a) Temperature dependence of octahedral tilting. (b)
Temperature dependence of O-O diagonal distances in square
windows that connect contiguous A-sites of the perovskite.

of the octahedral tilting makes that these distances
approach that of undistorted polyhedra (2.76 A). Details
about cubooctahedra distortions can be obtained in

Vg = V(TiOg) = 4/3(dp-0)" (taken from Ref. [21]).

Rhombohedral (300 K)

3

Cubic (1073 K)

Fig. 5. Changes produced on La cubooctahedra by the elimination of
the octahedral tilting in rhombohedral-cubic transformation.

Fig. 5 and Table 3, where the evolution of La-O
distances with temperature is analyzed.

Structural modifications produced along the transi-
tion are responsible for the expansion of the ag-axis.
However, expansion detected along the c-axis cannot be
explained with the elimination of the octahedral tilting.
A careful analysis of octahedra revealed that octahedra
are slightly distorted (flatened) along the c-axis at room
temperature (rhombohedral perovskite), but they ex-
pand along this axis when temperature increased (cubic
phase). During heating the angle formed by Ti—O bonds
with the c-axis changes from 55° to the ideal 54.75°
value. From this fact, it is concluded that expansion of
the c-axis is due to expansion of octahedra [22].

As a consequence of the elimination of octahedral
tilting, distorted rhombic windows that connect con-
tiguous A-sites of the perovskite becomes regular
(Fig. 4b). In particular, the two O-O distances detected
in the low temperature phase (3.58 and 4.20 A) becomes
a single one (3.90 A) at high temperatures (1073 K).
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Fig. 6. (a) Atomic thermal displacements at 300 and 1073K in
Lip»,Nag3Lag sTiO3. Ellipsoids correspond to the anisotropic thermal
factors of oxygens. (b) Temperature dependence of isotropic thermal
factors of Ti, La/Na, Li and O atoms. For oxygen atoms, equivalent B
factors were calculated from the corresponding anisotropic values. For
a better analysis, Li values were divided by a factor of 6.

Changes produced in square windows should favor Li
mobility; however, vacancies concentration is main-
tained below the percolation threshold (0.2 <n, = 0.31).
According to this fact, ion conductivity is very low in
this perovskite (<1077 Qcm ™! at 600 K), indicating that
the long-rang diffusion of lithium is not favored in the
Lio_zNa0,3La0,5TiO3.

A comparison of thermal ellipsoids deduced at 300
and 1073 K is given in Fig. 6a. Oxygen thermal factors
are clearly anisotropic and local displacements of
oxygen atoms along Ti—O bonds are significantly
smaller than those produced in perpendicular directions.
Oxygen thermal factors are considerably higher than
those of titanium ions, suggesting that some oscillation
of octahedral around titanium could be produced
(Fig. 6b). Taking into account that Li ions are located
at the centre of the unit cell faces of the perovksite; Li
motion should be favored by octahedral oscillations.
The rapid increment detected on Li thermal factors
above 773 K suggests that motion of lithium is enhanced
at high temperatures.

5. Conclusions

The thermal heating of the rhombohedral Liy,Nag 3
La, sTiO5 perovskite, produces the isotropic expansion
of the unit cell. The Rietveld analysis of ND patterns
recorded at increasing temperatures shows that the
expansion of the LaO, polyhedra is considerably higher
that TiOg octahedra. This fact explains the slight
increase detected in the tolerance Goldschmidt factor,
7, with temperature. ND pattern of the sample heated at
1073 K corresponds to that of the cubic perovskite.

Above 773K a reduction of the octahedral tilting
along the [111] direction is produced, explaining the
rhombohedral-cubic transition detected by ND techni-
que. This transformation produces an appreciable
modification of La cubooctahedra and dimensions of
square windows that connect contiguous A-sites of the
perovskite. This fact should favor Li mobility; however,
the existence of a concentration of vacant A-sites lower
than the percolation threshold (0.2 <n, = 0.31) limits Li
diffusion in the perovskite.
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