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Abstract

We studied the Li+ ion migration pathways in Li3xLa2/3�x&1/3�2xTiO3 at x = 1/24 using density functional theory. When four La atoms

occupied the A-sites of the same layer (La-rich layer) and the remainder occupied the A-sites of another layer (La-poor layer), the structure was

thermodynamically the most favorable. Because a Li+ ion migrates through A-site vacancies, its migration in this structure occurs on the La-poor

layer. There were two cavities through which the Li+ ion could pass for long distance migration: between two La atoms (C1) and within the center of

the square that was formed by the four La atoms (C2) in the La-poor layer. The Li+ ion migrated around the A-site center from an off-centered

favorable position to the symmetrical position at the C1 site, and its energy barrier was 0.13 eV. Because the C2 site was energetically unfavorable

for the stay of the Li+ ion, the Li+ ion rotated at a right angle toward another C1 site to avoid the C2 site with the energy barrier of 0.24 eV. The

results indicated that the Li+ ion was conducted by the repetition of the transfer at the C1 site and rotation near the C2 site two-dimensionally on the

La-poor layer, and the overall energy barrier for the lithium migration was 0.24 eV. We believe this value is reasonable, because the experimentally

determined values in the range of 0.36–0.40 eV should consider migration through grain boundaries as well as through grains.
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1. Introduction

Solid state lithium ion batteries have been attracting lots of

interest owing to their excellent properties of high power

density and good safety. As a part of the battery, an inorganic

solid state electrolyte becomes significant due to its exceptional

capacity retention [1–3]. Li3xLa2/3�x&1/3�2xTiO3, which is one

of perovskite oxides with an ABO3 formula, has excellent

electrical conductivity: �10�3 S/cm with x = 0.1 at room

temperature [4–7]. It is known that the A-site vacancies of

Li3xLa2/3�x&1/3�2xTiO3 provide the transport tunnels for Li+

ion migration, and four neighboring TiO6 octahedrons form the

bottlenecks of these tunnels [8,9].

Studies of Li+ ion migration in Li3xLa2/3�x&1/3�2xTiO3

using density functional theory (DFT) have been reported. Catti

reported the Li+ ion mobility pathways in Li3xLa2/3�x&1/

3�2xTiO3 using CRYSTAL06 with B3LYP hybrid function [10].

They proposed two Li3xLa2/3�x&1/3�2xTiO3 models based on

the segregation of the La vacancies; two La vacancies
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segregated in a layer (La-poor layer) were energetically more

favorable than one La vacancy each distributed in two layers.

However, when two La vacancies were positioned in the La-

poor layer, the calculated energy barrier of 0.47 eV for the Li+

ion was higher than the experimentally obtained ones, which

were in the range of 0.36–0.40 eV [5,7,11–14]. They calculated

the energy barrier by fixing the Li+ ion and relaxing all the other

atoms in the structure.

In the present paper, we studied the Li+ ion migration

pathways through the Li3xLa2/3�x&1/3�2xTiO3 superstructure

at x = 1/24 using the climbing nudged elastic band (CNEB) tool

that allowed all the atoms to be fully relaxed [15]. The

calculated energy barriers were compared with the experimen-

tally obtained ones.

2. Calculational

All calculations were performed using the Vienna ab initio

simulation package (VASP) code with the projector augmented

wave (PAW) potentials and generalized gradient approximation

(GGA) [16–19]. The Li atom 2s1 state; La atom 5s2, 5p6, 5d1,

and 6s2 states; Ti atom 3d2 and 4s2 states; and O atom 2s2 and
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Fig. 1. Perspective view of the Li3xLa2/3�x&1/3�2xTiO3 structure along the

[1 0 0] direction. La1 = La3+, Li+ or vacancy in the (0 0 0) plane and

La2 = La3+, Li+ or vacancy in the (0 0 2) plane. Blue, light blue, and red

spheres are the La, Ti, and O atoms, respectively. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version

of the article.)
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2p4 states were treated as valence wave functions. The cutoff

energy was 500 eV, and the k-points mesh was 4 � 4 � 4 using

a Monkhorst–Pack grid method for bulk superstructures. The

calculations were performed using the Gaussian method, non-

spin polarized, and fully relaxed.

The unit cell of ABO3 perovskite structure was expended to

the 2 � 2 � 2 superstructure, as shown in Fig. 1. Four La and

eight Ti atoms were positioned at the A- and B-sites, respectively.

Three La atoms were removed, and then a Li+ ion was added to

the superstructure. Therefore, the structure consisted of five La

atoms, two A-site vacancies, one Li+ ion, and eight TiO6
Fig. 2. Perspective views of possible atom arrangements of the A-site in Li3xLa2/3�x&
when four La atoms were located in a layer and one Li+ ion was located between
octahedrons per orthorhombic a(�2ap) � b(�2ap) � c(�2ap)

unit cell. After the optimization of the structure, we calculated the

energy barriers for the Li+ ion migration using the CNEB tool

implemented in the VASP code [15]. All transition states in the

Li+ ion migration were relaxed for the energy barrier

calculations.

3. Results and discussion

We considered the arrangements of the La atoms and Li+

ion at A-sites of the Li3xLa2/3�x&1/3�2xTiO3 unit cell at

x = 1/24. Fig. 2(a) and (b) shows that one and four La atoms

are located in the La1- and La2-layers, respectively, and Fig.

2(c)–(f) shows that two and three La atoms are located in the

La1- and La2-layers, respectively. When four La atoms

occupied the A-sites of the La1-layer (La-rich) and the

remainder occupied the A-sites of the La2-layer (La-poor), as

shown in Fig. 2(a), two A-site vacancies were positioned near

the Li+ ion in the La-poor layer. Its relative energy was set to

0.00 eV as a reference. The relative energy was increased to

0.46 eV when the Li+ ion was located near the La atoms

diagonally, as shown in Fig. 2(b). When the Li+ ion was

located at different sites in the structure, as shown in Fig.

2(c)–(f), the energies were 0.98, 0.51, 1.47, and 0.65 eV,

respectively. Therefore, the structure of the Li+ ion located

between the two La atoms on the La-poor layer (Fig. 2(a))

was chosen for the energy barrier calculations of the Li+ ion,

because the structure was energetically the most favorable.

The Li+ ion was further moved near an O atom and above or

below the La-poor layer. In this case, the relative energy was

decreased to �0.76 eV due to the interaction between the O

atom and the Li+ ion located at the A-site vacancy. This

result is well matched to the literature [20].
1/3�2xTiO3 along the [1 0 0] direction. The energy was set to 0 eVas a reference

 two La atoms in the La-poor layer.



Fig. 3. The energy variation as a function of the Li+ ion migration distance.

Small inset shows that planar view of the Li+ ion migration on the La-poor layer

along [0 0 1] direction. M1, M2, and M3 indicate the L1+ ion migration to the

neighboring same sites along the [1 0 0], [0 1 0], and [1 1 0] directions,

respectively.

Fig. 5. The energy barrier for Li+ ion migration through the Li3xLa2/3�x&1/

3�2xTiO3 along the [1 0 0] direction. Planar view is shown along the [0 0 1]

direction in small inset.
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Since two A-site vacancies were positioned near the Li+ ion,

the Li+ ion could migrate through the vacancies on the La-poor

layer. The La-poor layer has four equivalent sites for the Li+ ion

in the Li3xLa2/3�x&1/3�2xTiO3 unit cell at x = 1/24, as shown in

small inset in Fig. 3. M1, M2, and M3 indicate the Li+ ion’s

migration to the neighboring equivalent sites along the [1 0 0],

[0 1 0], and [1 1 0] directions, respectively. Fig. 3 shows the

relative energy variation as a function of the Li+ ion migration

distance along the three directions. In the cases of M1 and M2,

energy barriers for the Li+ ion migration were 0.13 and 0.03 eV,

respectively. However, a high energy barrier of 0.76 eV was

needed for Li+ ion migration along the [1 1 0] direction.

Namely, the Li+ ion located at the A-site vacancy could migrate
Fig. 4. The energy variation as a function of the Li+ ion migration distance.

Planar view of the Li+ ion rotation (black line) and transfer (red line) in Li3xLa2/

3�x&1/3�2xTiO3 is shown along the [0 0 1] direction in small inset. (For

interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
easily in a straight line with the low energy barriers between the

two La atoms on the La-poor layer.

We considered the Li+ ion migration through the A-site

vacancies on the La-poor layer in Li3xLa2/3�x&1/3�2xTiO3 at

x = 1/24. There are two cavities on the La-poor layer. C1 and C2

indicate the cavities between two La atoms and among four La

atoms, respectively. We calculated the energy barriers for the

Li+ ion migration from one C1 site to another C1 site with (red

dotted line) and without (red solid line) passing through a C2

site. A high energy barrier of 1.19 eV was needed for the Li+ ion

transfer from a C1 site to another C1 site passing through a C2

site directly, because the relative energy was increased at the C2

site, as shown in small inset in Fig. 4. However, a relatively low

energy barrier of 0.24 eV was needed for the Li+ ion rotation by

908 from a C1 site to another C1 site without passing through a

C2 site, as shown in Fig. 4. Therefore, the Li+ ion can migrate

via the rotation in the La-poor layer of Li3xLa2/3�x&1/3�2xTiO3

at x = 1/24.

Small inset in Fig. 5 shows the pathways for the Li+ ion

migration along the [1 0 0] direction in the 2 � 2 � 2 Li3xLa2/

3�x&1/3�2xTiO3 superstructure at x = 1/24. The Li+ ion easily

transferred in the C1 site in a straight line with the low energy

barrier of 0.03 eV, as shown in Fig. 5. In addition, it rotated by

908 between the two C1 sites with a low energy barrier of

0.24 eV, while the Li+ ion could not migrate through the C2 site

because the high energy barrier of 1.19 eV was needed on the

La-poor layer. Therefore, since the Li+ ion migration is

composed of the combination of transfer and rotation, the

energy barrier of 0.24 eV was chosen for long distance Li+ ion

migration. This value is lower than that of experimentally

obtained values in the range of 0.36–0.40 eV, because grain

boundaries typically observed in experimental samples can

impede Li+ ion further [21–23]. Therefore, we believe the

energy barrier of 0.24 eV is reasonable for Li+ ion migration

through grains.
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4. Conclusions

We calculated the energy barriers for Li+ ion migration in a

Li3xLa2/3�x&1/3�2xTiO3 unit cell at x = 1/24 using density

functional theory. The four La atoms positioned on the La-rich

layer and two A-site vacancies and the one Li+ ion positioned on

the La-poor layer were energetically the most favorable. The Li+

ion easily migrated in the cavity located between the two La

atoms with low energy barriers in the range of 0.03–0.13 eV on

the La-poor layer. However, a high energy barrier of 1.19 eV was

needed for Li+ ion migration through the cavity located in the

center of the four La atoms on the La-poor layer. The Li+ ion

rotated by 908 with a low energy barrier of 0.24 eV to migrate

from a cavity between two La atoms to another equivalent cavity

without passing through a cavity located in the center of the four

La atoms. We believe that our calculated value of 0.24 eV is

reasonable because the experimental values should consider

migration through grain boundaries as well as through grains.
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