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The crystal structure of a lithium ion-conducting perovskite
Lay 632 Lig 161, TiO3 13, obtained by furnace-cooling was refined
by the Rietveld method using neutron-diffraction data at room
temperature and 77 K. The adopted space group was Cmmm
(No. 65). The anti-phased tilts of TiO, octahedra along the
b-axis in addition to alternative arrangement of La ions along the
c-axis was confirmed. The position of Li was refined to be
off-centered and in two equivalent positions in an A-site. The
obtained structural information implies that the lithium ion
conduction among A-sites occurs in the vicinity of La-poor layers
two-dimensionally rather than three-dimensionally in this com-
pound. © 2002 Elsevier Science (USA)

INTRODUCTION

Much attention has been recently paid to lithium ion-
conducting perovskites (4BO;) first reported by Latie et al.
(1) and Belous et al. (2), due to their high conductivity,
as a perovskite lanthanum lithium titanate has been found
to show lithium ion conductivity as high as 107> Scm ™! at
room temperature (3). Though much research has been
carried out and the physical properties, structures, and the
relations of these compounds are now well known, there are
still some controversies, especially over the crystal structure
of La, 3 ,Liz, TiO;.

Almost all of the proposed atomic models of
La,;;-,Li3, TiO5 involve the following: (a) the ordered dis-
tribution of La ions on the perovskite A-sites along the
c-axis, which doubles the cell parameter ¢ (4), and (b) unit
cells with tetragonal symmetry for the composition with
higher Li content (0.06 < x < 0.14), and with orthorhombic
symmetry for the composition with lower Li content
(x < 0.06) (5-11).

'To whom correspondence should be addressed. Fax: + 81-3-5992-
1029. E-mail: yoshiyuki.inaguma@gakushuin.ac.jp.

With respect to the tetragonal phases, two different types
of cells have been proposed. One is the cell with
a, x a, x c( ~ 2a,), where a, corresponds to the ideal cubic
cell parameter, with the space group P4/mmm (5-9). The
other is the cell with 2% g, x 212 g x ¢( ~ 2a,) proposed by
Varez et al. (11). With respect to the orthorhombic phases,
however, only one type of cell with a(~a,)x
b( ~ a,) x c( ~ 2a,) (space group: Pmmm) has been proposed
(5,7,9, 10).

The degree of ordered distribution of La ions decreases
with increases in the Li content (increase in x) or temperature
(7,9, 12). The distribution of La ions strongly influences the
ionic conductivity because conduction of the Li ions occurs
via vacancies and is percolation-controlled by La ions as
obstacles in the A-site subcell (13). In fact, a difference in
ionic conductivity between the furnace-cooled or annealed
samples with the higher degree of order and the quenched
sample with the lower degree of order in La,;;_,Liz, TiO;
has been observed (12, 14). In particular, in the vicinity of
x = 0.05 for La,,; -, Li;,TiO3, the conductivity at 300K of
the furnace-cooled sample is approximately three times
higher than that of the quenched sample.

Furthermore, the Li location is one of most important
information with regard to elucidating the ion-conduction
mechanism. Skakle et al. (15) have investigated the crystal
structure of Liys _3,Reys, , TiO5 (Re = Pr, Nd; y = 0.05) by
neutron diffraction and have reported that it possesses
a GdFeOj structure characterized by the tilts of the TiOg
and Li ions being located off-center away from the A-site.
In contrast, Ruiz et al. (8) have structurally characterized
tetragonal LagssLig; TiO3 (x = 0.1 for La, ;- ,Li;,TiO3)
by neutron diffraction and have proposed that the Li ions
are located at the centre of the A-site at the same position
as La.

In this study we chose an orthorhombic perovskite,
La,;;-,Li3 TiO; (x = 0.05), obtained by furnace-cooling
and investigated the crystal structure with a neutron-
diffraction experiment. Based on the crystal data, the

0022-4596/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.



68 INAGUMA ET AL.

relation between the structure and the ionic conduction is
discussed.

EXPERIMENTAL

The sample was synthesized by a conventional solid-state
reaction. The starting materials were La,O3(4N), enriched
"Li,CO5(3N), and TiO,(3N). The metal content of La,0;
was determined by chelatometry with EDTA (ethylenedia-
minetetraacetic acid). A mixture of the raw materials (the
molar ratio of metals was La:Li:Ti =0.6:0.2:1) was cal-
cined at 800°C for 4h, 1150°C for 28 h, and 1250°C for 12h
in air with intermediate grindings. The calcined powder was
pressed into pellets and sintered at 1350°C for 6h in air and
then furnace-cooled. The pellets were ground and used for
the powder X-ray and neutron-diffraction experiments. The
molar ratio of the metals for the sample was determined by
inductive coupled plasma (ICP) spectroscopy using a
SEIKO SPS1500 instrument. The sample was then dis-
solved as follows. A small amount of sample (about 10 mg)
and 1 mL conc. HCI (35 wt%) were sealed in a Pyrex glass
tube and kept at approximately 130°C for approximately
10h in an oven.

The phase was first checked by the powder X-ray diffrac-
tion method using a Mac Science MXP18 diffractometer
(graphite-monochromatized CuKw). Powder neutron-dif-
fraction data were collected at room temperature and 77 K
on the HRPD angle-dispersive-type diffractometer installed
on the JRR-3 reactor at the Japan Atomic Energy Research
Institute (JAERI) (16). The incident neutron beam was
monochromatized to give a wavelength of 1.823 A using the
331 reflection of Ge. The HRPD has a bank of 64 counters
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FIG. 1. Observed, calculated neutron-diffraction patterns, differences,

and the peak position at room temperature for Lag ¢;Lig.;16TiO5. Inset:
part of the diffraction pattern. Arrows show extra peaks corresponding to
the tilt of TiOg octahedra.

placed at 2.5° intervals. The crystal structure of the sample
was refined using the Rietveld method with the RIETAN
2000 program (17). The coherent scattering lengths used for
refinement of the neutron-diffraction data were 8.24 fm for
La, — 222 fm for "Li, — 3.438 fm for Ti, and 5.803 fm for O.

RESULTS AND DISCUSSION
The sample was confirmed to possess an orthorhombi-

cally distorted perovskite-structure by powder X-ray dif-
fraction. The strong superlattice lines corresponding to the

TABLE 1
Structural Parameters in La,, Li, ,TiO; at Room Temperature and 77 K

Room temperature 77K

Site g X y z B/ A2 g X y z B/ A2
Lal 4i 0.939¢ 0 0.252568) 0 0.82(4) 0.939¢ 0 0.2523(7) O 0.45(4)
La2 4j 0.301(4) 0 0.255(2) 12 1.06(12) 0.301(4)° 0.0 0.255(2) 12 0.90(14)
Lil 8n 0.013¢ 0 0.311° 0.102° 6.4 0.013¢ 0.0 0.283° 0.198" 3.7¢
Li2 8n 0.147¢ 0 0.189(10)*  0.398(9) 6.4(20)° 0.147¢ 0.0 0.217(8) 0.302(6) 3.7(12)
Ti 8o 1 0.2484(15) O 0.2599(4)  0.89( 1 0.2500(12) 0 0.2593(4)  0.64(5)
(0) 4g 1 0.2720(8) 0 0 1.54( 1 0.2729(7) 0 0 1.27(8)
02 4k 1 0 0 0.2142(6) 1.16(10) 1 0 0 0.2119(5)  0.98(9)
03 41 1 0 1 0.2595(6) 1.37(11) 1 0 12 0.2603(5)  0.9509)
04 8m 1 i 3 0.2345(5) 1.28(6) 1 3 i 0.2340(4) 1.09(6)
(ON) 4h 1 0.2319(8) 0 1 1.69(9) 1 0.2321(7) 0 3 1.30(8)

a="77313(1) A, b = 7.7520(1) A, ¢ = 7.7840(1) A R, = 8.79%,
R, = 6.55%, R, = 444%, S = 1.98, R, = 4.60%, Ry = 5.05%

a=772241)A, b =17.7448(1) A, ¢ = 7.7735(1) A R,,, = 8.78%,
R, = 6.55%, R, = 4.34%, S = 2.02, R, = 444%, Ry = 470%

Note. Orthorhombic space group: Cmmm (No. 65), Z = 8.

“Occupancy for M atom g(M) is constrained as follows: g(Lal) = 1.24-g(La2), g(Lil) = 0.2106 g(La2) — 0.0506 and g(Li2) = 0.2106 {1 — g(La2)}.
b Position of Li is constrained as follows: y(Lil) = 4 — y(Li2) and z(Lil) = % — z(Li2).

¢Thermal parameter B for Li is constrained as follows: B(Lil) = B(Li2).
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FIG. 2. Crystal structure of Lag 62 Lio.16TiO3; (a) the structure from the perspective of the TiOg octahedral framework, (b) the ca, (c) be, and (d) ab
projections of structure at room temperature, respectively. The digits in the figures have the unit A.

ordered arrangement of La ions that have been reported
previously were also observed. ICP chemical analysis
showed that the molar ratio of metals in the sample was
La:Li:Ti=0.62 +£0.02:0.16 + 0.01:1, resulting in the
formula Laggyz)Lig161) 1105013 Here, the oxygen content
was determined from the electroneutrality. The loss of
Li with respect to a nominal amount was observed. This
composition corresponds to that with x =0.05 for
La,/; - ,Li;, TiOs;.

The powder neutron-diffraction pattern of Lag g,Lig. 161103
at room temperature is shown in Fig. 1. Because the
neutron-diffraction pattern at 77K is the same as that
at room temperature, it can be concluded that no structural
phase transition occurs in this temperature range. In

addition to reflections that included the superlattice
reflections corresponding to the alternative arrangement
of La ions along the c-axis assigned to the orthorhombic
cell with a( ~ a,) x b( ~ a,) x c( ~ 2a,) (space group: Pmmm)
as previously reported, some extra reflections (indicated
by arrows in Fig. 1) were also detected. All of these
reflections can be indexed using a larger cell with
a( ~ 2a,) x b( ~ 2a,) x ¢( ~ 2a,). The indices of additional
superstructure reflections have the type: 2p+1 2q + 1
2r + 1 (p, q and r are integers). When observing the X-ray
diffraction pattern carefully, only one additional peak with
very weak intensity corresponding to the index 311 can be
detected, with other additional peaks being too weak to be
detected.
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The tilting of the oxygen octahedra in perovskites causes
a doubling of the basic unit-cell axes, and extra reflections
appear that lie on half-integral reciprocal planes. Glazer has
described a simple technique for creating a trial model for
the structure of perovskite (18, 19). According to Glazer, the
tilt in anti-phase of oxygen octahedra gives rise to reflec-
tions of the type: h + % k + 4 [ + % (h, k and [ are integers)
with a basic perovskite cell, thatis,2p + 1 2g + 1 2r + 1 (p,
q and r are integers) with a double cell. Since the intensity of
these reflections depends primarily on the scattering factor
of oxygen, it is expected that the reflections have a weak
intensity in the X-ray diffraction pattern, while they can be
apparently detected in neutron diffraction. Therefore, the
observed extra reflections are thought to be due to the tilt of
TiOg octahedra. Furthermore, it was found that the extra
reflections appear under the condition that h=2p + 1,
k=2q+1,1=2r+1 (p, q and r are integers) and h #
I'when a < b < c. An example is shown in the inset of Fig. 1.
Though 115 and 511 reflections were observed, a 151 reflec-
tion was not, suggesting that the anti-phase tilt of the TiOg
octahedron occurs along the b-axis (Glazer’s notation a® b~
¢®). General reflection conditions were reduced as follows:
h+k=2nand hOl (I =2n + 1) (n is an integer). The pos-
sible space groups are C222 (No. 21), Cmm2 (No. 35), Cm2m
(Amm?2) (No. 35), C2mb (Abm2) (No. 39), Cmmm (No. 65),
and Cmma (No. 67). Of these, only two space groups, Cm2m
and Cmmm, permit the tilting model. Cmmm with higher
symmetry (point group: mmm) is one of the minimal super-
groups of Cm2m (point group: mm2). In this study, Cmmm
with higher symmetry was adopted, and a Rietveld refine-
ment was carried out. Refinement of the Li position was first
done using the data obtained at 77K, as Li ions are less
mobile at 77K than at room temperature (20) and it is easy
to determine the position at which they become stable.
Here, supposing the Li ions distribute randomly among
A-sites, constraints for the site occupancies of La and Li
were determined, and the isotropic thermal parameter B of
Li was common (Table 1). When the Li positions are the
same as those of La, a higher B as high as 14 A2evenat 77K
is obtained, indicating that Li does not reside at the centre
of the A-sites. This finding is supported by the results of
Skakle et al. regarding Liys_;,Reys, , TiO3 (Re = Pr, Nd;
y = 0.05) (15), the simple energetic calculations (21) and
molecular dynamics simulation of Lag ¢Liy,TiO5 (22).
Therefore, the positions of Li were deviated from the center
into two equivalent positions (Wycoff’s notation 8n) with
regard to an A-site, resulting in a lower B as high as
3.7 + 1.2 A2. When Li ions were placed at general 16r posi-
tion, the error of the x-coordinate was very large and on the
order of 0.1. Consequently, Li ions were placed at the 8n
position. The stable positions of Li at room temperature,
which are thought to be similar to those at 77K, were
refined. The observed, calculated patterns, differences, and
peak positions at room temperature for Lag ¢,Li0.16T105

TABLE 2
Selected Interatomic Distances (A) and Bond Angles (°)
for La, ¢, Li, s TiO; at Room Temperature and 77 K

Room temperature 77K
Lal-O1(x2) 2.605(5) 2.599(4)
Lal-O1 (x2) 2.873(5) 2.874(4)
Lal-02(x2) 2.571(5) 2.556(5)
Lal-03 (x2) 2.786(5) 2.788(4)
Lal-O4 (x4) 2.659(3) 2.652(2)
La2-02 (x2) 2.974(13) 2.988(11)
La2-03 (x2) 2.669(14) 2.657(12)
La2-04 (x4) 2.830(3) 2.829(3)
La2-05(x2) 2.667(13) 2.669(12)
La2-05(x2) 2.813(12) 2.806(11)
Lil-O1 (x2) 2.43(6) 2.87(4)
Li1-02 2.56(7) 2.19(6)
Li1-O3 1.9109) 1.75(6)
Lil-04 (x2) 2.24(5) 1.968(15)
Li2-O2 2.05(7) 1.82(6)
Li2-O3 2.64(9) 2.21(6)
Li2-O4 (x2) 2.36(5) 2.019(15)
Li2-O5 (x2) 2.45(6) 2.90(4)
Ti-O1 2.031(3) 2.024(3)
Ti-02 1.953(11) 1.965(10)
Ti-O3 1.945(11) 1.931(10)
Ti-04 (x2) 1.9481(5) 1.9462(4)
Ti-O5 1.874(3) 1.876(3)
O1-Ti-O5 178.7(7) 179.2(6)
02-Ti-O3 169.4(3) 169.4(2)
04-Ti-0O4 168.3(3) 168.4(2)
Ti-O1-Ti 169.7(7) 169.9(6)
Ti-O2-Ti 159.0(3) 158.4(3)
Ti-O3-Ti 179.8(3) 179.5(3)
Ti-O4-Ti 168.4(3) 168.4(2)
Ti-O5-Ti 172.2(8) 171.6(7)

are shown in Fig. 1. Table 1 lists the crystal data at room
temperature and 77 K. The higher B value for Li at room
temperature (6.4 + 2.0 A2) than that at 77K implies that Li
ions are highly mobile. The site occupancies of Lal and La2
sites were found to be 0.94 and 0.30, respectively, implying
that the ionic conduction in the La-poor layer (Lal layer)
occurs more easily from the viewpoint of site percolation.
Figure 2 shows the crystal structure of Lag ¢,Lip 161103,
and 2a shows the structure from the perspective of the
octahedral framework. The structure contains a three-di-
mensional framework of corner-sharing TiO4 octahedra
that are tilted along the b-axis. Figures 2b, 2c, and 2d show
the ca, bc, and ab projections of structure at room temper-
ature, respectively. Table 2 lists the selected interatomic
distance and the bond angles at room temperature and
77K. At 77K, Li ions are coordinated by four oxygen ions
with Li-O lengths in the range 1.75-2.21 A rather than six
oxygen ions adding the two oxygen ions with longer Li-O
lengths in the range 2.87-2.90 A. These results are in good
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TABLE 3
Interatomic Distances (A) around the Bottle neck at Room
Temperature and 77 K

Room temperature 77K
01-01 3.525(12) 3.507(10)
3.8909(11) 3.8885(9)
4.206(12) 4.215(10)
02-02 3.335(9) 3.295(8)
4.449(9) 4.479(8)
02-03 3.8920(5) 3.8906(5)
03-03 3.744(9) 3.726(7)
4.040(9) 4.047(7)
04-04 3.650(8) 3.638(7)
3.8657(1) 3.8612(1)
4.134(8) 4.136(7)
05-05 3.586(13) 3.585(11)
3.8861(9) 3.8822(8)
4.145(13) 4.138(11)

agreement with the Li-O lengths in the range 2.05-2.23 A
(Li coordination is distorted tetrahedral) for Liy s—3,Req 5+,
TiO; (Re = Pr, Nd; y = 0.05) after Skakle et al. (15) and the
Li-O length expected from the ionic radii after Shannon
(Li(IV) 0.59 A and O(VI) 1.40 A (23)). Compared to 77K, at
room temperature the stable position of Li ions shifts
against the centre of A-site in the b-direction and toward the
center of A-site in the c-direction, having five- or six-fold
coordination with the Li-O lengths in the range 1.91-2.64 A
rather than fourfold coordination.

According to a simple energetic calculation, Li ions enter
an activated state in the sites between adjacent A-sites
surrounded by four oxygens, called a “bottleneck” and the
activation energy for ionic conduction is determined prim-
arily by the repulsion energy due to these oxygens (21).
Therefore, a decrease in the bottleneck size leads to an
increase in the activation energy. The La-ordering and the
tilt of TiO4 octahedra produce various kinds of bottlenecks
of various size. The interatomic distances between two oxy-
gen atoms at the bottleneck are shown in Figs. 2b-2d and
are listed in Table 3. Some are less than the 3.98 A value
expected for the ionic radius if supposing that the Li and
O ions are in contact. As seen in Figs. 2b-2d and Table 3,
the size of the bottleneck in the La(2) layer (La-poor layer) is
larger, on average, than that in the La(1) layer (La-rich
layer). In addition, the size of the bottleneck along the a-axis
is largest in the La(2) layer (La-poor layer). These results
imply that Li ions in the La(2) layer (La-poor layer) are
more conductive than those in the La(l) layer (La-rich
layer), and are most conductive along the a-axis in the La(2)
layer in this compound.
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CONCLUSIONS

The Rietveld refinement using neutron-diffraction data
for one La, ;- ,Li;,TiOj; series, furnace-cooled Lag ¢,Li0.16
TiO;, was carried out. The structure of this compound
contains a three-dimensional framework of corner-sharing
TiOg octahedra that are tilted along the b-axis, alternatively
arranged La along the c-axis, and Li in two equivalent
off-centered positions of the A-site. Though this compound
has a three-dimensional structure, the ionic conduction is
expected to occur two-dimensionally rather than three-di-
mensionally due to their structural features. It was found
that the positional information for oxygen, including the tilt
of BOg in the perovskite-type lithium ion conducting ox-
ides, is indispensable for the elucidation of the conduction
mechanism, in addition to information regarding the ar-
rangement of A-site ions like La.
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