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We executed a molecular dynamics simulation for the perovskite-type high Li ion conductor,
LagsLio2TiO3, using two different potential models, the fully ionic model (FIM) and the
partially ionic model (PIM). Good reproducibility of the physical properties was obtained
for the simulation using the PIM. While displacement of the Li ion from the A-site was
indicated in both models, Li ion diffusion was observed only for the PIM below 600 K. These
results suggest that the introduction of a small mobile ion into the A-site does not always
induce high ion conduction and that the covalent character of the Ti—O bond is indispensable
to the high Li ion conduction. The ionic conductivity, however, could not reproduce
guantitatively in this simulation due to the random distribution of A-site ions in the

simulation cell.

Introduction

The A-site-deficient perovskite-type oxide, Lagsz—x-
LisTiOs, shows high Li ion conductivity.22 In this
compound, La, Li, and vacancy are distributed in the
A-site, and Li ions migrate through the conduction path
composed of Li and vacancies. When the concentrations
of Li ions and vacancies are optimized, that is, Lagss-
Lig3sTiO3, the Li ion conductivity of the bulk part
reaches 1073 S/cm at room temperature, representing
one of the highest values in solid Li ion conductors.?
Recently, various studies of the transport mechanism
have been carried out for these compounds, and it has
been found that the valence of B-site ions influences the
Li ion conduction.3~1°
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Itoh et al. have investigated the variations in Li ion
conductivity with the lattice parameter for LngsLios-
TiO3 (Ln = La, Pr, Nd, Sm).2 They have found the ionic
conductivity to decrease with the lattice parameter and
the activation energy of the Li ion conduction to
decrease linearly with decreases in the lattice param-
eter. Inaguma et al. have compared the dependence of
the activation energy on the lattice parameter for
various perovskite-type Li ion conductors.® Their results
include data that can be divided into two groups: one
group is composed of compounds containing only the Ti
ion as a B-site ion, while the other group is composed
of compounds containing Ti, Nb, and Ta ions as B-site
ions. While the activation energy was found to increase
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linearly with decreases in the lattice parameter for both
groups, the activation energy in the latter group is
higher than that in the former group when these
compounds have the same lattice parameter. These
results suggest that to obtain the same activation
energy in a compound containing a pentavalent cation
in the B-site as that of a compound containing only the
Ti ion in the B-site, a larger lattice parameter is
required for the former compound. Furthermore, Hara-
da et al. have prepared many perovskite-type Li ion
conductors and have investigated the relationship be-
tween ionic conductivity and the lattice parameter.t’
These compounds can be classified into five series of
solid solutions, (A) (Lalfodx)0.56Li0.33TiO3, (B) Lag.s6-
Lio.3sM**Ti1—xO3 (M4 = Zr, Hf), (C) (Cay xSrx)osslioss-
TaoseTi0.4403, (D) (Ca1-xSrx)o.sslio.zsFeo 225 Tag 77503, and
(E) SI’0_55Lio,33M3+o,225Tao.775O3 (M3+ = Cr, Fe, Co, Ga,
Y). The variations in ionic conductivity can also be
divided into two groups, one group composed of the
series (A) and (B) containing only tetravalent ions in
the B-site and the other composed of the series (C), (D),
and (E) containing the Ta ion in the B-site. The ionic
conductivity was found to reach a maximum at 0.387
and 0.395 nm, respectively, for the two groups. These
results also suggest that to realize high Li ion conduc-
tivity for the compound containing a pentavalent cation
in the B-site, a relatively larger lattice is required.

It is, however, well-known that the Ti—O bond of
perovskite titanates does not have a completely ionic
character. Courths et al. have carried out photoemission
measurements for SrTiO3,%° finding a hybridization
between the Ti 3d and the O 2p states and an estimated
ionic charge of the Ti ion of +2.5. Furthermore, the net
charge of Ti ion in the (TiOg)®~ cluster in SrTiO3 was
estimated at +2.44 based on a molecular orbital calcu-
lation using the DV-Xa cluster method.?! By the pho-
toemission study of a single crystal of BaTiOs, the
covalent character of the Ti—O bond was confirmed in
the cubic and tetragonal phases and the static charges
of the Ti ion were predicted to be reduced from the
formal charge.??2 Considering these results, the Ti—O
bond of Lay;s—xLiTiOs, which is one of the perovskite
titanates, must have covalent character.

Even though this reduction of the valence of the Ti
ion from the formal charge has been predicted by
various studies, the covalent character of the Ti—0O bond
has not been taken into account in previous research
regarding perovskite-type Li ion conductors. Hence, we
attempted in the present study to elucidate the influence
of the Ti—O bond’s covalent character on Li ion conduc-
tion using a molecular dynamics simulation (MD). The
MD is a very useful method for such an investigation
because it allows us to easily change the chemical factor,
that is, the covalent character, for each bond. In this
study, the MD was carried out using two different
potential models, a fully ionic model (FIM) and a
partially ionic model (PIM), and the reproducibility of
the physical properties and the Li ion conduction were
compared.
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Table 1. Potential Parameters for FIM

number a b c x 108
ion  of ions z (nm)  (nm)  (kJ~Y2:nmB-mol~12)
(0] 540 —2.000 0.1750 0.012 84
Ti 180 +3.000 0.1293 0.008 0
La 108 +3.000 0.1707 0.010 29
Li 36 +1.000 0.1034 0.008 8

Experimental Section

Experimental Procedure. A LagesLioTiO3 polycrystalline
sample for the investigation of physical properties and struc-
ture was prepared by the conventional solid-state reaction
technique. Powders of La;O3 (99.9%), Li.CO3 (99.9%), and TiO,
(99.9%) were used as the starting materials. The mixture was
calcined at 1373 K for 12 h, sintered at 1423 K for 5 h, and
quenched to room temperature so that the arrangement of
lanthanum ions was in the disordered state. Thermal expan-
sion was measured using a high-temperature X-ray diffrac-
tometer (Mac Science MXP8 X-ray diffractometer) from 300
to 1200 K. The Li ion conductivity was measured by the ac
impedance method using an HP 4192 impedance analyzer in
the frequency range of 5 Hz to 13 MHz.

Simulation Procedure. A simulation cell has 180 perov-
skite unit cells (a x b x ¢ =6 x 6 x 5) in which La, Li, and
vacancy are distributed randomly among the A-sites. The
numbers of each ion are shown in Table 1. Periodic boundary
conditions were used for the simulation cell. Simulations were
executed using the program MXDORTO developed by Kawa-
mura.?® This program achieved a rapid convergence by the
Ewald method and applied the Verlet algorithm?* for the
motion of atoms. In this simulation, the temperature and
pressure were controlled by the scaling of particle velocities
and basic cell parameters, respectively.?® For all simulations,
the integration time was 2 fs. The initial aging was carried
out in 150000 steps for each model. After the calculation of
50000 steps under constant temperature and volume, the
100000 steps were executed under constant temperature and
pressure.

The interatomic potential of the FIM is expressed by

ij i

z2;6°
U, = y + fo(b; + by) exp

(@ +a—rp Cic; 1)

(bi + bj) Fij
The first term in eq 1 represents a Coulomb interaction where
z; and z; are effective charges of the ions i and j, respectively,
and rj; is the interatomic distance between the ions.?® In the
FIM, each bond is assumed to be fully ionic; thus, the effective
charge is equal to the formal charge of each ion. The second
term represents the short-range repulsion potential. The
parameters a; and a; reflect the radius, and b; and b; reflect
the hardness of ions i and j, respectively. The quantity f, is a
constant 6.9478 x 107! N. The third term represents the
dipole—induced dipole dispersion potential based on the van
der Waals interaction. The specific parameters of each ion, a;,
bi, and ci, were determined by the trial and error method. The
optimized parameters are given in Table 1.

In the PIM, the interatomic potential is given by the
following,

z,z;€°
= + fo(b; + b)) exp
ij

U

ij

(@ +a;—ry) CiCj
(b +b) |

r_ij
Fi{exp[—28;(ri — ri)] — 2 exp{—B;(rj — rI} (2)
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Table 2. Potential Parameters for PIM

Katsumata et al.

Table 3. Lattice Parameters as Obtained by MD
Simulation and Experimental Results

number a b c x 108

ion of ions z (nm) (nm)  (kJ"Y2.nm3-mol~172) PIM FIM exp.

6) 540  —1.267 0.19265 0.018 84 a(=V13) (nm) 0.387 0.3877 0.38772(2)

Ti 180  +2.400 0.11158 0.010 0 a (nm) 0.391(1) 0.3883(3)

La 108  +2.000 0.17070 0.010 29 b (nm) 0.385(1) 0.3871(2)

Li 36  +1.000 0.10010 0.008 8 ¢ (nm) 0.386(1) 0.3877(3)

ion pair Fij (kJ-mol~1) A (nm) r* (nm) Dcze? 4
Ti-0 260 20 0.188 kT @)

The physical meaning of the former three terms of eq 2 is the
same as that of eq 1.26 However, the effective charge of ions z;
and z; of the PIM is different from that of the FIM. In the PIM,
the effective charge is reduced from the formal charge in
consideration of the influence of the covalent character. Kim
et al. have executed the MD using the PIM for TiO, poly-
morphs (brookite, anatase, and rutile).?” In their simulation,
the contribution of the ionic bond in the Ti—O bond was
assumed to be 60%,; that is, the effective charge of the Ti ion
was determined to be +2.4. As a result, crystal structures and
physical properties, including the thermal expansion and bulk
modulus, of these polymorphs were reproduced very well. The
validity of these values was also supported by several studies
of SrTiOs, which has a similar crystal structure to that of Lage-
Lio2TiOz. According to the band calculation based on the
augment plane wave function for SrTiO3, the number of d
electrons in the Ti muffin-tin sphere was estimated to be 1.48
per Ti ion.?8 Since the dispersion curve of the electronic band
structure of this calculation was in good agreement with the
results of the angle-resolved photoemission study,?® this value
can be considered to be sufficiently reliable. On the basis of
the angle-integrate photoemission experiment for SrTiOs
single crystal, the number of d electrons in the Ti ion was
estimated to be 1.5, which implies that the effective charge of
the Ti ion is +2.5.2° Accordingly, these values were used as
the effective charge of the Ti ion in this simulation. The
effective charge of the La ion is reduced from formal charge
+3.0 to +2.0 because the ionicity of the La—0O bond calculated
from the difference in electron negativities between O and La
ions is approximately 75%.3° The effective charge of the Li ion
was found to be constant, the normal valence being +1.0. The
effective charge of the O ion was determined to be —1.274 to
maintain the charge neutralization. The last term of eq 2
represents the Morse potential where the directionality is
ignored. In this simulation, the parameters Fj, i, and r?j
were applied only for Ti and O ions, and the values used in a
previous study of TiO, polymorphs?’ were adopted. Other
potential parameters were determined by the trial and error
method to reproduce the compressibility, thermal expansion,
and structure. All the parameters using the PIM are listed in
Table 2.

The diffusion coefficient was calculated from the time
dependence of the mean square displacement (MSD), [Ar(t)20]
using the Einstein relation

Ar(t)’0= A + 6Dt €)

where A is a constant. The period of the simulation for the
estimation of the diffusion coefficient was 200 ps (100000
steps). The ion conductivity, o, was calculated from D using
the Nernst—Einstein equation,
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where ¢ and z are the carrier concentration and the valence of
the mobile ion, respectively. The pair correlation function, gij(r),
is expressed as follows,

N;j n;i(r — Ari2;r + Arl2)
gii(n = (%)
T 4a(N;Nj/V)rPAr

where V is the volume of the simulation cell and N; and N;
are the number of ions i and j in this cell, respectively. The nj;
term represents the number of ions j in the area between
sphere 1 (its radius is r — Ar) and sphere 2 (its radius is r +
Ar), whose center is ion i. In this study, Ar is 0.001 nm. The
number of ions j in the sphere whose center ion i and radius
is r', njj, expresses the coordination number of ion j within the
distance r' and is related to g;j(r) by the following equation:

4 N r
ny(r) == f) gy dr ®)

Results and Discussion

Reproducibility of the Crystal Structure and
Physical Properties. Table 3 lists the lattice param-
eters of the simulation and the experimental. A little
distortion was observed in each model. The perovskite
parameter (cube root of the unit cell volume), a,, for each
model was consistent with the experimental value.
While a little crystal distortion was observed, the
difference in the cell volume between simulation and
experiment was found to be insignificant.

Figure 1 shows the variation in the densities with
temperature calculated using the FIM, the PIM, and
the experimental results. The bulk thermal expansion
coefficients, o, determined by the simulation and ex-
periment are 3.09 x 107% (PIM), 1.00 x 1075 (FIM), and
2.66 x 1075, respectively. While the o obtained by the
FIM was one-third the experimental a, that obtained
by the PIM was in good agreement with the experimen-
tal value. The thermal expansion is caused by the
asymmetry of the interatomic potential. The potential
shape of the PIM is more asymmetric than that of the
FIM because of the addition of the Morse potential term
in eq 4. The good agreement of the PIM with the
experimental results proves that the PIM reproduces
the shape of the actual interatomic potential.

Figure 2 shows the volume change of LaggLio2TiO3
under hydrostatic pressure as calculated by the MD and
the experimental data of the SrTiO3z.3! The initial
compressibility, «, which was obtained by extrapolation
of the linear part of the data in the low-pressure region,
is 2.23 x 10712 pa~! by the FIM and 6.06 x 10712 pa~1
by the PIM. While the data obtained by the PIM are in
good agreement with the experimental results for the

(31) Edwards, L. R.; Lynch, R. W. J. Phys. Chem. Solids 1970, 21,
573-574.
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Figure 1. Temperature dependence of density for LageLioz-
TiOs in the PIM, FIM, and experiment.
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Figure 2. Variations in relative cell volume with pressure of
LaoeLio,TiO3 obtained by MD using the FIM and PIM and
experiment for SrTi03.2°

SrTiO3, the FIM values are smaller than those of the
PIM. The large difference in «s between the two
potential models is probably caused by the difference
in the effective charges between the PIM and the FIM.
For the PIM, the effective charges were reduced from
normal charges; thus, the Coulomb attractive force in
the FIM is stronger than that of the PIM. The Coulomb
attractive force in the FIM is so strong that the ions of
the FIM are harder to maintain in the same structure
as in the PIM. Therefore, the compressibility of the FIM
is reduced. The good agreement of the compressibility
of the PIM with the experimental results for SrTiO3
indicates that the bond strength is more actually
reproduced by the PIM.
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Position of Li lons. While many efforts have been
expended to determine the crystal structure of (La,Li)-
TiOg3, there are still controversies over it, especially the
Li ion location. According to the neutron-diffraction
experiments, it was indicated that the Li ions located
in the center of the A-site, the off-center position, and
the bottleneck position for Lagsglios2TiO3s, Lagg2Llio.16-
TiO3, and LagsLigsTiOs, respectively.32-34 On the other
hand, the displacement of Li ions from the center of the
A-site has been suggested by the simple energy calcula-
tion,1% the NMR study of the (La,Li)TiO3.18 In this study,
an attempt at using the MD to predict a stable position
for the Li ion was made.

Figure 3 shows a trajectory plot of the [100] plane at
300 K for the FIM and the PIM. As shown, Li ions
displaced from center of the A-site and some Li ions
migrate from one A-site to another over the bottleneck.
In a comparison of plots between the FIM and the PIM,
Li ions were found to be more active with the PIM. To
investigate the position of Li ions in more detail, the
pair correlation function was calculated for the FIM and
PIM.

Figure 4 shows the pair correlation function, g(r), for
the FIM and PIM. In both models, the peaks of go-Ti(r),
gri-Ti(r), and gLa-Ti(r) can be observed at approximately
0.19, 0.39, and 0.34 nm, respectively, which is consistent
with the bond lengths in the actual compound. The peak
shapes of gpi-1i(r) and gLa—Ti(r) are almost the same
between the FIM and PIM. For the peaks of go-i(r) and
gri-Ti(r), however, a distinguishable difference can be
observed; that is, the peak of the PIM is broader than
that of the FIM. Two reasons for this peak broadening
are considered herein. One is that PIM allows for wide
range of stable positions for Ti and O ions in the
simulation cell. Another reason is that the thermal
vibration of Ti and O ions is larger with the PIM. While
we cannot determine which factor is dominant by these
data, the latter reason seems to be valid, as a larger
thermal expansion was observed with the PIM.

The position of the g.i—Ti(r) peak was different from
that of the g ,—Ti(r) peak and the first peak overlapped
with the second peak for g i—Ti(r). These results suggest
that the Li ions mainly resided in an off-center position
and moved actively in the area vicinity of this off-center
position. The first and second peaks were observed at
approximately 0.28 and 0.40 nm, respectively. Assuming
that the direction of the displacement is 1000 the
distance from the next-nearest-neighbor Ti ion to the
Li ion is calculated as 0.42 nm when the distance from
the nearest-neighbor Ti ion is 0.28 nm. In the same way,
the distance from the next-nearest-neighbor Ti ion to
the Li ion is calculated as 0.34 nm if the direction of
the displacement is [1100] Hence, it is valid that the Li
ion was displaced 0.13 nm from the A-site along the
[1000direction. The atomic distances calculated from
these results are shown in Figure 5.

Figure 6 shows the variations of g_i—o(r) and nyj—o(r)
with distance for the PIM and FIM. Comparing figures
between the FIM and PIM, the g_i—o(r) of the PIM is

(32) Ruiz, A. I.; Lopez, M. L.; Veiga, M. L.; Pico, C. J. Solid State
Chem. 1999, 148, 329—332.

(33) Inaguma, Y.; Katsumata, T.; Itoh, M.; Morii, Y. J. Solid State
Chem. 2002, 166, 67—72.

(34) Alonso, A.; Sanz, J.; Santamaria, J.; Léon, C.; Vares, A
Fernandez-Diaz, M. D. Angew. Chem., Int. Ed. 2000, 39, 619—621.
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Figure 3. Trajectory plots of Li, La, and O ions on the [100]
plane for LageLioTiO3 at 300 K for the FIM (upper figure)
and PIM (lower figure). The line shows the perovskite unit
cell.

broader and the nij_o(r) increases more continuously.
The Li ion seems to be spread more widely in the area
around the off-center position in the PIM. For the
gri-o(r), the peaks can be observed at 0.20 nm and in
the vicinity of 0.30 nm, which is consistent with the
calculated values represented in Figure 5. The nyj—o(r)
reached approximately 4 at 0.25 nm, which is the end
of the first peak of g, i-o(r), and 10 at 0.35 nm, which is
the end of the second peak of g i—o(r) nm. Furthermore,
a step can be observed at n_j—o(r) = 4, even though it is
ambiguous. If the Li ion was displaced in the 1000
direction, the nij—o(r) would reach 4 at the end of the
first peak and 8 at the end of the second peak of g, j—o(r).
In contrast, assuming that the Li ion was displaced in
the [(110direction, the nij—o(r) would reach 1 at the end
of the first peak and 5 at the end of the second peak of
gri-o(r). These results also support that the Li ion was
displaced in the [1000direction.

Katsumata et al.
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Figure 4. Pair correlation functions, g(r), for O—Ti, Ti—Ti,
La—Ti, and Li—Ti for the FIM (upper figure) and PIM (lower
figure).
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Figure 5. lllustration of crystal structure calculated by the
pair correlation function. The cross represents the calculated
position of the Li ion assuming that the Li ion displaces in
the (100direction. The numbers represent the distance from
this position to other ions and the center of the A-site.
Comparing with the experimental data, the displace-
ment of Li ion is also indicated for the close composition
compound, Lage,Lip16TiOs. Inaguma et al. refined the
structure of Lagpg2Lioi1sTiO3 by the Rietveld method
using neutron-diffraction data.®® As a result, the position
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Figure 6. Pair correlation function, g(r), and running coor-

dination function, n(r), of the Li—O ion pair for the FIM (upper
figure) and PIM (lower figure).

of the Li ion was refined to be off-centered and in two
equivalent positions in the vicinity of the bottleneck.
Therefore, it is considered that the position of Li ion in
(La,Li)TiO3 depends on the Li composition and the Li
ions locate at the off-center position for compounds
having close composition to LagelLip2TiOs.

Influence of Covalent Character on Li lon Con-
duction. In this section, the influence of covalent
character on Li ion conduction is elucidated by compar-
ing the Li ion diffusion between the FIM and PIM.
Figure 7 shows the time dependence of the MSD of Li
ions at 300 and 600 K for the FIM and PIM. While the
MSD of the PIM increased with time at 300 K, the MSD
of the FIM did not increase with time even at 600 K.
These results suggest that the Li ion did not diffuse even
at 600 K in the FIM, but diffused at 300 K in the PIM
under this simulation condition. According to the pair
correlation functions, displacement of Li ion was con-
firmed for both models. Displacement of the Li ion seems
to be responsible for the size mismatch between the Li
ion and the La ion. The observation of Li ion conduction
in the PIM suggests that the high ion conduction does
not occur only as a result of introducing a smaller mobile
ion into the A-site.

Figure 8 shows the time dependence of the MSD at
300, 600, and 1000 K for the PIM and at 1000 K for
FIM. The diffusion coefficient was calculated from the
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Figure 7. Time dependence of the mean square displacement
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Figure 8. Time dependence of the mean square displacement
(MSD) of the Li ion at 300, 600, and 1000 K for the PIM and
FIM.

slope of this figure in the range from 0 to 100 ps. Table
4 lists the diffusion coefficients and ionic conductivity
of the Li ion obtained from the MD and experiment
results for 300, 400, 600, and 1000 K. The ionic
conductivity obtained by the MD was smaller than the
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Table 4. Diffusion Coefficient and Li lon Conductivity Obtained by MD and Experiment

D (cm2-s71) o (S.cm™1)
T (K) FIM PIM FIM PIM exp.
300 4.07 x 1078 8.67 x 1074 1.9 x 104
400 412 x 1078 6.56 x 1074 4.3 x 1078
600 7.55 x 1078 7.97 x 1074 5.0 x 1072 (625 K)
1000 9.63 x 1077 1.11 x 1076 1.01 x 1072 1.17 x 1072

experimental value in this temperature range. The
diffusion coefficient at room temperature was also
smaller than the chemical diffusion coefficient of Lag s7-
Lio.20+5TiO3, which were in the range 10755 to 10~7 cm?/
s, measured by a GITT method.1* While good linearity
of the time dependence of the MSD was not observed
in this simulation, this disagreement may not be
responsible for the insufficient time span and the
number of particles. Even though good linearity was
obtained with regard to the time dependence of the MSD
in the simulation cell composed by 512 perovskite unit
cells, the diffusion coefficient was not consistent with
the experimental value. In this simulation, the repro-
ducibility of the diffusion coefficient was found to be
influenced by another factor, that is, the arrangement
of vacancies, La ions, and Li ions in the A-site. In fact,
a different diffusion coefficient was obtained for the
simulation cell having a different arrangement of A-site
ions and vacancies.'® Therefore, to obtain the diffusion
coefficient more precisely, it may be necessary to
determine the most suitable arrangement of A-site ions
and to estimate the diffusion coefficient with such an
arrangement.

The active diffusion in the PIM is thought to be
caused by several factors. One is the reduction of
effective charges, which promotes Li ion conduction by
several mechanisms. One of these mechanisms is to
directly shallow the interatomic potential. The decrease
in effective charges shallows the interatomic potential
due to the small Coulomb potential. Consequently, Li
ions can move more freely in the PIM. The migration
of Li ions is also promoted by a softening of the
framework ions. In this simulation, the bulk compress-
ibility of the PIM was larger. The weak Coulomb

attractive force caused by decreasing the effective
charge softens the framework ions and also promotes
the Li ion migration. The larger thermal expansion for
the PIM due to the addition of the Morse potential term
is thought to caused the high Li ion conduction of the
PIM at higher temperatures. The expansion of the
crystal lattice increases the bottleneck size and pro-
motes the migration of Li ions.

Conclusion

In a comparison of the reproducibility of physical
properties between the FIM and PIM, it was found that
good agreement with experimental results can be ob-
tained with the PIM. Our results demonstrate that the
PIM is a very effective model for the simulation of such
perovskite-type titanates. While displacement of the Li
ion in the [(1000direction from the center of the A-site
was predicted in both models, diffusion of the Li ion was
observed only for the PIM below 600 K, suggesting that
the introduction of a small mobile ion into the A-site
does not always induce high ion conduction and that
the covalent character of the Ti—O bond is indispensable
for the high Li ion conduction. The MD using the PIM
could not quantitatively reproduce the diffusion coef-
ficient, which was caused by the random distribution
of the Li ion, La ion, and the vacancy.
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