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Abstract: We report the results of a neutron powder diffraction study of the LagszLio.16T1O3 perovskite that
determined the diffusion path of lithium cations at room temperature. At 77 K, the Li cations are located at
the 2c site (Wycoff notation of the Cmmm space group) on the (002) La deficient layer, while, at room
temperature, they are spread over a wide area and migrate following the 2c—4f—2c or 2c—2d—2c tie line
on the (002) layer. The probability density of Li cations has a minimum between the 2c and 4f or between
the 2c¢ and 2d positions on the diffusion path in contrast to the previous reports where the bottleneck has
been thought to be located at the 2¢, 2d, and 4f positions. On the basis of the present structural model, the
Li-cation conductivity is discussed in terms of a two-dimensional bond-percolation model for Li-cation
diffusion. It was found that the vacancy at the La site is essential for the Li-cation conduction.

Introduction of the Lays4LiaTiO3 materials has a three-dimensional frame-
work of corner-sharing Ti@octahedra and a large number of
defects at the A site. Despite numerous structural studies, the
exact position of the Li cation is not still clear. Several
mechanisms of Li-cation diffusion in ka ,LisTiO3 com-
pounds have been propos&d214-17 However, until now, the
diffusion path of the lithium cation has not yet been determined.
We report the results of a neutron powder diffraction study of
the Laygi0.16T103 perovskite that determined the diffusion path
of lithium cations at room temperature.

Solid materials with a high lithium-ion conductivity are of
vital importance for the development of all-solid-state lithium
batteriest? The discovery of the lithium-doped lanthanum
titanate ABQ perovskite, (A = Lagyzx and B = Ti)
Lag/sxLisxTiO3, has stimulated wide interest because it is the
highest bulk Li-cation conducting solid electrolyte!. The
development of better electrolyte materials requires a better
understanding of the mechanism of ionic conduction, and crucial
to this is a comprehensive knowledge of the crystal struéture.
Therefore, a number of researchers have studied the crystaExperimental Section

structure of Layz—«LisTiO3 materials>6-13 The crystal structure _ 3 _ _
The work described here utilizes ade@)-io.160)T103.01(3) Sample

t Department of Materials Science and Engineering, Tokyo Institute of Prepared by solid-state reactidhishe sample was furnace-cooled after

Technology. sintering at 1350C. The molar ratio of the cation was determined by
gMatefialS_ and Structures Laboratory, Tokyo Institute of Technology. inductive coupled plasma spectroscopy. The position and the diffusion
Gakushuin University. ) path of the Li cation in the sample were studied by neutron diffraction,
I Japan Atomic Energy Research Institute. b here i interf f he el density distributi
(1) Tarascon, J.-M.; Armand, MJat. Mater.2001, 414 359-367. ecause there is no inter erence rom.t ee ectrqn- ensity distribution
(2) Stramare, S.; Thangadurai, V.; Weppner,Gdem. Mater2003 10, 3947 and the scattering power for Li is relatively large in contrast to X-ray
3990. i ; i
(3) Belous, A. G.: Novitskaya, G. N.: Polyanetskaya, S. V.: Gornikov, Y. I. diffractometry. The neutron pow_der dlffra_lctlon data\_ were coIIe_cted f?\t
Izo. Akad. Nauk SSSR, Neorg. Mat&@87, 23, 470-472. room temperature and at 77 K using the high-resolution angle-dispersive

(4) Inaguma, M.; Chen, Y. L.; Itoh, M.; Nakamura, T.; Uchida, T.; Ikuta, H.;  type neutron powder diffractometer (HRPD) installed at the Japan
Wakihara, M.Solid State Commuri993 86, 689-693.
(5) Yashima, M.; Nomura, K.; Kageyama, H.; Miyazaki, Y.; Chitose, H.;

Adachi, K. Chem. Phys. Let2003 380, 391-396. (11) Rivera, A.; Leon, C.; Santamaria, J.; Varez, A.; V'yunov, O.; Belous, A.
(6) Fourquet, J. L.; Duroy, H.; Crosnier-Lopez, M. P.Solid State Chem G.; Alonso, J. A.; Sanz, Them. Mater2003 14, 5148-5152.

1996 127, 283-294. (12) Varez, A.; Inaguma, Y.; Fernandez-Diaz, M. T.; Alonso, J. A.; Sanz, J.
(7) Ruiz, A. 1.; Lopez, M. L.; Veiga, M. L.; Pico, CSolid State lonic4998 Chem. Mater2003 15, 4637-4641.

)
)
112 291-297. (13) Garcia-Martin, S.; Alario-Franoco, M. A.; Ehrenberg, H.; Rodriguez-
(8) Alonson, J. A.; Sanz, J.; Santamaria, J.; Leon, C.; Varez, A.; Fernandez- Carvajal, J.; Amador, UJ. Am. Chem. SoQ004 126, 3587-3596.
Diaz, M. T. Angew. Chem., Int. E®200Q 39, 619-621. 14) Inaguma, Y.; Yu, J.; Shan, Y.-J.; ltoh, M.; NakamuraJTElectrochem.
)
)

—~

(9) Inaguma, Y.; Katsumata, T.; Itoh, M.; Morii, Y. Solid State Chen2002 Soc 1995 142, L8—L11.

166, 67—72. (15) Shan, Y. J.; Inaguma, Y.; Itoh, NBolid State lonic4995 79, 245-251.
(10) Sanz, J.; Alonson, J. A.; Varez, A.; Fernandez-Diaz, Ml.TChem. Soc., (16) Katsumata, T.; Matsui, Y.; Inaguma, Y.; Itoh, Molid State lonic4996
Dalton. Trars. 2002 1406-1408. 86—88, 165-169.
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Figure 1. MEM-based whole pattern fitting result for neutron-diffraction data aof d4ai.16T103.0 measured at room temperature. Red crossesyMmbols)
and green line denote observed and calculated intensities, respectively. The short green vertical lines denote the possible Bragg peak rasitions fo
Lagedio16TiO3.0. The blue profile denotes the difference between the observed and calculated intensities.

Research Reactor JRR-3M in the Japan Atomic Energy Researchsimple structural model, an iterative procedure named the

Institute (JAERI)!8 The wavelength of the incident neutrons ai{d)/d REMEDY cycle®24was employed after the MEM analysis until
resolution were 1.823 A and 0.3%, respectively. Powder patterns were significant improvement was obtained.

obtained in the range fromp2= 10° to 15C°. The diffraction profiles We have performed the MEM-based whole pattern fitting
measured at room temperature and 77 K suggested an orthorhombic

c analysis using the structural factors obtained by the Rietveld
mmmstructure’ o . .

The neutron-diffraction data were iteratively analyzed by a combina- analysis V_V_'th varlou_s St_rUCtural models: to _determlne both the
tion of the Rietveld analysi®? the maximum-entropy method  €Xact position and diffusion path of the Li cations. The structural
(MEM),2L22and the MEM-based pattern fitting (MPE)24A computer models in the literatufe®1213were found to be inappropriate,
program, RIETAN-2006° was utilized for the Rietveld analysis and ~ because (1) the nuclear density obtained after the REMEDY
MEM-based whole pattern fitting. It is well-known that the MEM can  cycle was inconsistent with these models used in the Rietveld
produce a nuclear density distribution map from the neutron diffraction analyses and/or (2) the agreement between the calculated and
data>?"?° In the MEM analysis, any kind of complicated nuclear observed intensities was worse than that in the following new
density distribution is allowed as long as it satisfies the symmetry model. The structural model in which the Li cations are located
requirements. The MEM cglculations were perfqrmed using the 4t the 2 site (Wycoff notation in theCmmmspace group,
computer program PRIMA; with 128 x 128 x 128 pixels. corresponding fractional coordinaté, 0, /) gave the lowest
Results and Discussion R factors based on the Bragg intensitiBs,in the MEM-based
whole pattern fitting. The resultant calculated profiles agreed
well with the observed ones (Figure 1). The refined crystal
parameters are shown in Table 1.

d Figure 2 shows the crystal structure ofoleglio 16TiO3 at
room temperature depicted using the refined crystal parameters.
It has a superstructure af~ 2a, x b ~ 2a, x ¢ ~ 2a, where

First, the Rietveld analysis was performed with various
structural models in which the positions and occupancies of the
Li cations were different from each other. The isotropic and
anisotropic harmonic atomic displacement parameters were use
for the cations and anions, respectively. Second, the MEM

analysis was done using the structural factors obtained by the ) . . :
y g y the subscript p denotes a pseudo ideal cubic perovskite cell.

Rietveld analysis. We consider that the MEM results obtained The L i Tio dh | d Kite-t
here are reliable because (1) the number of these factors was '€ @.67-1016TI03 compound has a layered perovskite-type

174 for both the data measured at room temperature and 77 gstructure consisting of (1) the La-rich (001) La01 layer, (2)

and (2) we used the peak intensity of the 001 reflection at the lthe (Oc_)lfg T::O _Iar)]/eLr, :ndl(3) tdh?_ L?j'df?ﬂdenlt_ (002% Il_a2)2
lowest @ position, the reflection that contributes the most ayer. The La-rich La+O1 and La-deficient La20z2 layers

information to the analysis. To reduce the bias imposed by the are alterpatlvely a_rrgnged along khaX|_s. The TiQ octahedron
has anti-phase tilting along thie axis. These features are

(17) Katsumata, T.; Inaguma, Y.; ltoh, M.; Kawamura,J Ceram. Soc. Jpn.  consistent with the structural model in the literatire.
1999 107, 615-621.

(18) Morii, Y. 3. Crystaliogr. Soc. Jpr992 34, 62—69. The Li cation is located at the WycoficXite of theCmmm
(19) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65-71. structure: 1/,, 0.0, %, (Figure 2 and Table 1). The Li position
233’3 'czng."AsFD'kﬁd r\?étﬂm%egzsz%a?&g?m 3217324 198203 would be valid, because the bond valence % the Li site

(22) Takata, M.; Umeda, B.; Nishibori, E.; Sakata, M.; Saito, Y.; Ohno, M.;  +1.02 calculated from the refined crystal structure is consistent

23) f;’g“m?“éfaKﬂﬂgggjgg? ?{e@f{‘}%w W.-Z.: Yamamoto, A; Oikawa, With the valence of the Li catior-1. Furthermore, the MEM

K. Mater. Sci. Forum2001, 378381, 59-64. nuclear density map supported the Li position (Figures 3a,b and
(24) Izumi, F.; Dilanian, R. ARecent Res. De Phys.2002 3, 699-726.

(25) Sakata, M.; Uno, T.; Takata, M.; Howard, C.HAppl. Crystallogr1993
26, 159-165. (26) Brese, N. E.; O'Keeffe, MActa Crystallogr.1991 B47, 192-197.
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Table 1. Refined Crystal Parameters and Reliability Factors of the LaggzLio 16 TiO32
temperature room temperature 77K
fractional coordinate of atomic fractional coordinate of atomic
position position
site g X y z U R g X y z U2
Lal 4 0.950(3) 0.0 0.2529(7) 0.0 0.0103(5) 0.945(3) 0.0 0.2528(6) 0.0 0.0050(5)
La2 4 0.290(3% 0.0 0.253(3) 1/2 0.016(2) 0.29603) 0.0 0.252(2) 1/2 0.015 (2)
Ti 80 1.0 0.2478(11) 0.0 0.2597(4) 0.0116(6) 1.0 0.2491(10) 0.0 0.2596(4) 0.0073(6)
Li 2c 0.64 1/2 0.0 1/2 0.18(3) 0.64 1/2 0.0 1/2 0.12(2)
o1 49 1.0 0.2737(8) 0.0 0.0 0.019 1.0 0.2735(8) 0.0 0.0 0.016
02 4 1.0 0.2310(10) 0.0 1/2 0.023 1.0 0.2312(9) 0.0 1/2 0.018
03 an 1.0 1/4 1/4 0.2356(5) 0.0%8 1.0 1/4 1/4 0.2351(5) 0.0%6
04 &K 1.0 0.0 0.0 0.2151(5) 0.0%2 1.0 0.0 0.0 0.2137(5) 0.008
05 4 1.0 0.0 1/2 0.2575(6) 0.0%6 1.0 0.0 1/2 0.2587(5) 0.0%0

cell parameters
reliability factors'
R = 2.93%,R- = 3.40%

reliability factor$
R = 2.84%,R- = 2.80%

a=7.73355(8) Ab = 7.75422(8) Ac = 7.78620(7) A
Rup = 7.09%,R, = 5.47%, goodness of fit 1.60,

Rup = 7.06%,R, = 5.46%, goodness of fit 1.59,

a=7.72453(8) Ab = 7.74690(8) Ac = 7.77558(8) A
Ruyp = 7.33%,R, = 5.54%, goodness of fit 1.69,
R = 3.43%,Rr = 3.62%
Rup = 7.14%,R, = 5.50%, goodness of fit 1.64,
R = 2.63%,R-=2.65%

aNote: Orthorhombic space gro@mmm(No.65)Z=8. g, occupancylJ, atomic displacement parametet©ccupancy for M atong(M) is constrained
as follows: g(La2) = 1.28 — g(Lal). ¢ Equivalent isotropic atomic displacement parameters calculated by the refined anisotropic vajues i) =
Ux3(0i) = 0.0 ( = 1, 2, 3, 4, 5);U1x(0j) = 0.0 | = 1, 2, 4, 5). At room temperatufd11(01) = 0.022(3),U22(01) = 0.024(2),U33(01) = 0.0113(15);
U11(02) = 0.026(3),U22(02) = 0.037(3),U33(02) = 0.0064(15)U11(03) = 0.0128(16)U2(03) = 0.0093(12) U33(03) = 0.031(2),U12(03) = —0.002(2);
U11(04) = 0.011(3),U22(04) = 0.011(3),U33(04) = 0.014(2);U11(05) = 0.003(3),U2(O5) = 0.019(4),U33(05) = 0.024(2), while at 77 KJ1(01) =
0.014(3),U2x(01) = 0.026(2),U33(01) = 0.0080(15);U12(02) = 0.016(3),U22(02) = 0.029(2),U33(02) = 0.0096(16)U11(O3) = 0.0111(15)U2(03) =
0.0047(11),Uz3(03) = 0.032(2),U12(03) = —0.006(2);U11(04) = 0.011(3),U22(04) = 0.003(3),U33(04) = 0.011(2);U12(O5) = 0.001(3),U2x(05) =
0.012(3),Us3(05) = 0.016(2).9 Reliability factors in the Rietveld analysigReliability factors in the second and first MEM-based pattern fittings for the

data measured at rt and 77 K, respectively.

La1-O1 layer
(001) plane

Ti-O layer

La2-02 layer
(002) plane

Ti-O layer

La1-O1 layer
(001) plane

A @

——

A

(002) plane is shown in Figures 3 and 4. The nuclear density
distribution provided much information on the time and spatially
averaged complicated disorder and diffusion path of the Li
cations (Figures 3 and 4). Simple models consisting of atom
spheres were no longer appropriate to describe the positional
distribution of Li cations at room temperature.

At 77 K, most of the Li cations are located near the Wycoff
2c site and a very small amount of Li cations exists at the 2
position (Figures 3a and 4a). On the contrary, at room
temperature, the Li cations exhibit a very large distribution
(Figures 3b and 4b), which is consistent with the high Li-cation
conductivity at higher temperatufe? There exist anisotropic
distributions of Li cations at theZsite in the direction to the

Figure 2. Crystal structure of the layered perovskite-type lanthanum titanate Nearest neighbor2position at room temperature and 77 K,

Laoedio.16TiOs0depicted using crystal parameters obtained by the Rietveld suggesting a diffusion path at room temperature. A mild peak
analysis of the neutron-diffraction data measured at room temperature. The

pink, green, and blue spheres and red ellipsoids denote Li, La, Ti, and

oxygen ions, respectively. The blue square is agléGtahedron.

4a,b). Since the Li cations are not located at theAdsite
proposed in the literature but at thedte, the chemical formula
of the title compound is not (lea2 Lio.16(Vaa—sit)o0.22A—site 103
but (Lay.62(Vaa-site)o.39a—sitlLio.16 (Vaec)0.092cTiOs. Here Va_sie
denotes the vacancy at the A-site. {kgLio.16(Vaa—site)o.22a—site
means that the La atom, Li atom, anda\/a exist at the Asite

of the pseudo AB® perovskite-type structure and their oc-

exists at the @ site at room temperature and at 77 K. The other
mild peak is observed at thef 4ite at room temperature. It
should be noted that the,22d, and 4 positions of the Li cations

are clearly distinguished from the La-deficient La2 site and are
located in the packing voids of the La and oxygen atom spheres
on the La2-O2 layer (Figure 3c). The Li cations are 4-fold
coordinated with oxygen ions, and their bond-valenceum
values are in the range from 0.95 to 1.1, supporting the present
Li positions. Most of Li cations are located at the @osition,
because the void at this site is larger than those at thend

cupancies are 0.62, 0.16, and 0.22, respectively. The large4f sites. In fact, the Li(@)—O interatomic distance of 2.08 A
atomic displacement parameter of the Li cation indicates the was Iarger than_ the others of 139.94 A (Figqre 3c). Thg
positional disorder and suggests its diffusion. The Li cations different Li—O distances are ascribed to the tilting of the diO

are located on the (002) La®2 layer (Figure 2), suggesting

octahedron, indicating the importance of the tilting for the Li

that the Li cations two-dimensionally diffuse on the La deficient position and diffusion.

layer. Li cations do not exist on the La©D1 and T+O layers

The most striking feature is the diffusion path of the Li

probably because of the higher electrostatic energies. Thiscations. The path follows thec24f—2c tie lie as shown in
indicates that the vacancy at the La2 site is a predominant factorFigure 4b and by the pink arrows in Figure 3b. The other

for the existence of Li cations on the LaD2 layer.

possible diffusion path lies on the22d—2c tie line as shown

To assist in visualizing the disorder and diffusion path, the in Figure 4b and by the pink dashed arrows in Figure 3b. These

MEM nuclear density distribution map in the vicinity of the

experimental paths could be consistent with some theoretical

J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005 3493



ARTICLES Yashima et al.

Li2e) 02 02 Li2d) (a) 77K
' L

77K b Lico W
(a) 100%% e é r u u -

" 100
¥ Lal L.aZ fLal n/.! . l . ]
o Moo M

La2 a
kLa2 . {La2 [ ] [
= .gl.iil(l

=

| ; p- b a 'l
Li2d) 02 0z LiZd) 4 Li(2¢) Li(2d) Li(2ze) Li(2d)
o >,

: Bottleneck for Li diffusion (b) RT

Li(2d) oz Li(2g)
®RT %—gg. GZc) #X ™=

‘ii@n‘ \

rip

<= Conductive bond: Possible Diffusion path
of the Li cation P

MNon-conductive bond: Path that does not
work for the Li-cation diffusion due to the
existence of La

Figure 4. Scattering amplitude distribution on the (002) plane of 42
Figure 3. Scattering amplitude distribution in the vicinity of the (002)  Lio.sTiOz0at (a) 77 K and (b) room temperature where only the distribution
plane (0.35< z < 0.65) of Lasio16TiOs0 at (@) 77 K and (b) room for minus scattering amplitude values are drawn to indicate the diffusion
temperature. Contour in the range froni.00 to—0.05 fm/A2 (0.05 fm/ paths of the Li cations. The colors red (100%) and blue (0%) correspond
A2 per step). (c) Atomic arrangement on the (002) plane where the ionic to the 0.01% of the maximum scattering amplitude value and 0.004%m/A
radii after Shanndii are used to draw the atom spheres. Li atoms are placed respectively. (c) Atomic arrangement on the (002) plane where the ionic
at the 2, 2d, and 4 sites with interatomic distances between the Li and radii after Shanndff are used to draw the atom spheres. Li atoms are placed
oxygen atoms. The pink arrow indicates a diffusion path. The pink hatched at the Z site. The pink bond with arrows indicates a possible diffusion
region denotes a possible bottleneck for the Li cation diffusion. The orange Path of the Li cations, while the orange bond with arrows stands for a
dashed arrows are the other possible diffusion paths with a bottleneck diffusion path that does not work for the Li-cation diffusion due to the

indicated by the orange hatched region. The yellow dashed line with arrows €xistence of La ion at the La2 site. InGmmmunit cell (dot line), 16
is the diffusion path from the literature. bonds exist and one La ion makes four orange bonds.

zigzag line through a vacant La2 site (dashed line in Figure

3c). On the contrary, the MEM nuclear density map clearly

indicates that the Li cation directly migrates from thet@ 4f

(27) Inaguma, Y.; Matsui, Y.; Yu, J.; Shan, Y.-J.; Nakamura, T.; Itoh,JM. Slte_’ keeping the L+O distance cc_>nstant to some degree. Li
Phys. Chem. Solid997, 38, 843-852. cations are unstable at the La2 site because the bond valence

calculations results’2” However, in many reports!4 the
diffusion path of the Li cations has been thought to follow the

3494 J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005
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sum at the La2 site is estimated to be 2.3, suggesting that thea La ion makes four nonconductive bonds that do not work as
zigzag path through the La2 site is inappropriate. diffusion paths of the Li cation. Thus the conductivityis
It should be noted that the probability density of Li cations described using the theory of “bond percolati®réis
has a minimum between La2 and O2 atoms on the diffusion 0 Y = m(l — AN -
path (pink hatched regions in Figure 3b). The position would Negg(' — n)" = m(1 — m)(n" — ny)

correspond to the “bottleneck” where the potential energy of a 12x(1 — 12x)(0.5— g(La2))1'3 (2

Li cation is the highest on the diffusion path. On the contrary, Here theu, ', and n. are the percolation exponent, the
the bottleneck has been believed to exist at e2d, and 4 concentration of conductive HLi bond and the bond-percola-
sites between the La2 and La2 positions in the literatdte. tion threshold, respectively. Equation 2 clearly indicates that

The “bottleneck” and the diffusion path around the “bottle- he vacancy at the La2 site and its concentration f(La2)
neck” are located near the La2 position as shown in Figure 3b gre essential for the Li conduction.
and c. This strongly suggests that the existence of a La2 ion  The present new structural model and the diffusion path of
makes the migration of Li cations difficult near the occupied the Lj cations for the Lagdio16TiOs perovskite would be
La2 position due to the coulomb repulsion force between the he|pful for developing the mechanism of Li-cation conduction
La2 and Li cations. In fact, the distance between the “bottleneck” gng petter Li-cation conductors. It is well-known that the Li-
and nearest-neighbor La2 cation is 1.4 A that is much shorter cation conductivity is strongly dependent on the composition
than the sum of the ionic radfiof La and Li (1.36 A+ 0.59 o the Li cations & in the Lays »Li=TiOs material, temperature,
A= 1.95 A). Therefore, the vacancy at the nearest-neighbor and preparation method such as the cooling rate after sintering.
La2 site would be required for the Li-cation diffusion. The 1¢ describe the dependence, further studies are necessary to

nearest-neighbor La2 vacancy. This suggests that the Li cationssiyycture and the distribution of Li cations.

cannot diffuse on the La-rich LalO1 layer but on the La-
deficient La2-O2 one. These results indicate that the existence
of a La vacancy is essential for the Li conduction. We have reported the results of a neutron powder diffraction
In the literature®30 the effect of the carrier concentration Study of La ed.io.16TiOs perovskite that determines the diffusion
and site percolation on the Li-cation conductivity of the Path of lithium cations at room temperature. At 77 K, the Li
lanthanum titanate perovskite has been discussed assumingations are located at the 8ite on the (002) La deficient layer,

that all the lithium ions can move independently of each While, at room temperature, they spread over a wide area and
other through the A-site vacancies for conduction: Migrate following the 2—4f—2c or 2c—2d—2ctie line. We have

Concluding Remarks

(Lagiz—x Lizg (Vaa—sitd1/s-2Ja—siteTiO3.  Here  (Layz—xLisy- dgmonstrated that the probability density of Li cations has a
(Vaa—sitd1/3-2)a—sie Means that the La atom, the Li atom, and Minimum between the @and 4 or between the @and 2i
the vacancy exist at the-aite and their fractions are 2/3 x, positions on the diffusion path, in contrast to the previous reports

exist at the Asite (4 site in theCmmmstructure) but at thec 2d, and 4 positions. Since most of the Li cations are not located
site, we need to revise the formulation of the effective carrier at the 4 A-site but at the 2 site, the chemical formula of the

concentratiomes. In the Cmmm(Lag/s—x, (Vaa_sie)1/3x)a—sitd Li 30 title compound is not (Lag—x, Lisx (Vaa—site)1/3-29a-site 103 but
(Vage)1/4-32cTiO3, the ne is expressed as (Lagiz—x (Van—site) 1/3+x)a—sitel Li 3x, (V@) 1/4-3x)2c TiO3. The present
conclusion would be helpful when discussing the conduction
e 0 M(1 — m) = 12x(1 — 12x) (1) mechanism of Li-ion conductors.
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