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L. Computational Details

The metadynamics simulations!.2 were conducted with ab-initio molecular dynamics and non-spin-
polarized, periodic density-functional theory (DFT) using the Vienna Ab initio Simulation Package
(VASP),34 version 6.1.2. The calculations used an experimentally determined LLTO unit cell with an
elemental composition of LisLa10Ti180s4,5 which belongs to the tetragonal lattice and has unit-cell
parameters of a = ¢ = 11.636 A and b = 7.905 A. Our test calculations for the pristine LLTO structure
found little effect of spin polarization on relative energies, an observation that has been reported in
DFT studies on similar systems.6-8 The SCF cycles were converged to a criterion of 10-4 eV using a k-
point grid of 1x2x1 and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.
Valence electrons were expanded using a plane-wave basis set with a kinetic energy cutoff of 400 eV
while the core electrons were treated using the projector augmented wave (PAW) method,1® which
includes 1 (Li), 11 (La), 4 (Ti), and 6 (O) valence electrons. The time step was set to 1 fs, and the

temperature was maintained using a Nosé-Hoover thermostat.11

Three relative coordinates were used as the collective variables: & = {&,,&;,, &} constructed as

follows.
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where N = 8 is the number of reference atoms, which include four O atoms and four Ti atoms on the
(100), (010), and (001) planes for &, &, and &, respectively. q;; represent the Cartesian coordinates
of a single Li* ion in the metadynamics simulations and q; represent the Cartesian coordinates of the
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it" reference atom. Gaussian bias potentials with a height of h = 0.02 eV and a width of & = 0.5 A were
added during the simulations at a frequency of t; = 500 fs. To ensure thorough sampling, a wall of
Gaussian restraining potentials with a width of o= 0.5 Ang was applied at a distance of 1.9 A outside
the Tig cage boundaries so that the Li* ion does not wander into neighboring Tis cages. The simulation

length is 50 ps for T =100, 700, and 1000 K and 75 ps for T=300 K.

The nudged-elastic band (NEB) calculations used a 1 x 2 x 1 supercell of the same LLTO unit-cell
structure as described above, which resulted in a simulation box with a = ¢ = 11.636 A, b = 15.810 A,
and an elemental composition of LiizLazoTizs010s. The original NEB method!213 followed by the
climbing image NEB (CI-NEB)!4 was used with seven images to reach a force convergence threshold
0f 0.03 eV/A. A3 x 2 x 3k-point grid and an SCF criterion of 10-6 eV were used in the NEB calculations,

while all other computational details remained the same as above.

To examine the effect of DFT functionals, additional test calculations were conducted using PBE with
Grimme-type D3 corrections and the Becke-Johnson damping!> and the strongly constrained and
appropriately normed (SCAN)!6 meta-GGA functional. Single-point calculations of the initial and
transition states from the converged NEB calculations were performed for the pristine LLTO
structure and the LLTO structure with a nitrogen dopant in the La-poor layer (ND@La-poor). Using
PBE-D3-B]J, the forward hopping barriers are 0.27 and 0.18 eV for the pristine and ND@La-poor
structures, respectively. These values are essentially identical as those from PBE (see Table S1). Using
SCAN, the forward hopping barriers are 0.32 and 0.21 eV for the pristine and ND@La-poor structures,
respectively, which are 0.03 - 0.04 eV too high. Since both barriers shift in the same direction, the
difference between the two mechanisms is only 0.01 eV higher with SCAN than that with PBE. These
comparisons suggest that relative energy differences of LLTO materials with a fixed stoichiometry

are not overly sensitive to the choice of (local) DFT functionals and dispersive corrections.
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IL. Projection of 3D Free Energy Surfaces

The metadynamics simulations yielded 3D free energy surfaces (FES), F(a,b,c), which were
projected to give various 1D potentials of mean force depending on the temperature, presented in

Figure 3.

At the two lower temperatures, T = 100 and 300 K, Li+ ion hopping pathways are roughly quarter
arcs (see Fig. S1a). The NEB method was used on the midplane in the (010) direction to determine
the precise minimum-free-energy pathways, which were then parametrized using a set of
equidistance points, §;. F(a,b,c) was projected onto the corresponding hopping pathways by
reweighting using the following parameter:17

p ZLG-Desp[- 2 (4 - 4,0) |

. (4)
1" N-1 »N . exp [— D) (qf - qf(i))z]

F(§1) = —kgTIn[H(&,)] (5)

where N = 100 is the number of predefined points along the discretized path and M = 3 is the
dimension of the collective variables. Some care must be taken to ensure that the free energy
projection is not biased by the geometry of the phase space. For example, if a quarter cuboid is used
instead, the phase space has a smaller volume near the end of a path than at the middle. To address
this issue, the region considered for the projection to a particular path only includes points within a
fixed planar distance. The distance threshold is taken to be 1/4 of the average length of the four paths,
which is 0.53 A and 0.56 A at T= 100 K and 300 K, respectively. This procedure results in a curved-

wall-shaped region (see Fig. S1b) that includes the important, low free-energy points of F(a, b, ¢).

At the two higher temperatures, T =700 and 1000 K, Li* ion hops along straight lines parallel to one
of the lattice vectors. The corresponding potentials of mean force F(&,), for example when &, = a,

was obtained by integrating F(a, b, ¢) over the b and c axes:
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F(&, = a) = —kgTln [ f f 9(a,b,c) dbdc] 6)

F(a,b,c)

g(a,b,c) =exp [— kT (7)

where kg is the Boltzmann constant and T is the temperature. The integration was performed

numerically using the trapezoidal rule:

Np N¢
’b" j + Fb' by + /b'/ i + Jb' by
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where N;, and N, represent the number of grid points in the b and c directions, respectively.

III. Ionic Conductivity

The rate constant, k, for an elementary hopping event can be calculated based on transition-state
theory:

k_kBT AG* 9
= P\ T T (9)

where kg is the Boltzmann constant, T is the temperature, h is the Planck constant, and AG¥ is the

free energy barrier. The diffusion coefficient, D, can then be calculated as follows:

1., a’n_a’k
D =—1lim(r°) = —

=__ (10)
2dt t—oo 2dt 2d

where d = 2 is the dimensionality of the diffusion geometry, n is the number of hopping events over
time t, and a = 2.74 A is the hopping distance, which is the length of the vector from a face center to
an adjacent face center. Finally, the ionic conductivity can be calculated using the Nernst-Einstein

equation:18
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where z = +1 is the formal charge of the conducting ions, F is the Faraday constant, R is the molar gas
constant, and N = 9308 mol/m? is the number of charge carriers per unit volume. At T = 300 K, the
hopping rate constant was calculated to be k = 1.28x1010 s-1, giving a diffusion coefficient D =
2.40x10-¢ cm? s-1, which yields an ionic conductivity of 8.3x10-2S cm-!. Note that these calculations
assumed that 1) all quarter arcs have the same free-energy barrier of 0.16 eV at T = 300 K, 2) the
transmission coefficient can be ignored, and 3) Li* ion hopping in La-poor layers will not be

interrupted by occupied La3* sites; both (2) and (3) will lead to reduced conductivity.
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IV.  Additional Figures and Tables

Figure S1. Left: Schematics of the six paths for 1D free-energy projection. Right: Illustration of the
phase space regions included for projection to paths 1-4.
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Figure S2. Initial state of the NEB calculations for Li* hopping in pristine LLTO materials. Li, Ti, and

0 atoms are shown in purple, silver, and red, respectively. For clarity, La atoms are hidden, and

background atoms are shown in lighter hues.
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Figure S3. Initial state of the NEB calculations for Li* hopping in LLTO materials with a nitrogen
dopant in the La-poor layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively.

For clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Figure S4. Initial state of the NEB calculations for Li* hopping in LLTO materials with a nitrogen

dopant in the La-rich layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively. For

clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Figure S5. Initial state of the NEB calculations for Li* hopping in LLTO materials with an oxygen

vacancy in the La-poor layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively.

For clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Figure S6. Initial state of the NEB calculations for Li* hopping in LLTO materials with an oxygen

vacancy in the La-rich layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively.

For clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Figure S7. Final state of the NEB calculations for Li* hopping in pristine LLTO materials. Li, Ti, and O
atoms are shown in purple, silver, and red, respectively. For clarity, La atoms are hidden, and
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Figure S8. Final state of the NEB calculations for Li* hopping in LLTO materials with a nitrogen

dopant in the La-poor layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively.

For clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Figure S9. Final state of the NEB calculations for Li* hopping in LLTO materials with a nitrogen

dopant in the La-rich layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively. For

clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Figure S10. Final state of the NEB calculations for Li* hopping in LLTO materials with an oxygen

vacancy in the La-poor layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively.

For clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Figure S11. Final state of the NEB calculations for Li* hopping in LLTO materials with an oxygen

vacancy in the La-rich layer. Li, Ti, and O atoms are shown in purple, silver, and red, respectively.

For clarity, La atoms are hidden, and background atoms are shown in lighter hues.
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Table S1. Energies (in eV) of initial, transition, and final states for Li* hopping in different LLTO
materials as shown in Fig. 4. Bold numbers indicate the more stable state (initial or final) or the
higher barrier (forward or reverse).

pristine | ND@La-poor ND@La-rich OV@La-poor OV@La-rich
Initial State 0 1.81 1.71 9.27 8.10
Transition State 0.28 1.99 2.00 9.44 8.21
Final State 0.05 1.79 1.83 9.28 8.06
Forward Barrier 0.28 0.18 0.29 0.17 0.12
Reverse Barrier 0.23 0.19 0.17 0.16 0.15
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Table S2. Selected geometric parameters of initial states (IS), transition states (TS), and final states
(FS) for Li* hopping in different LLTO materials as shown in Fig. 4.

structure state Ti1-O/N-Ti2 Ti1-011-Ti3 Tiz-021-Tis Ti1-012-Tis Tiz-022-Tig
IS 176.7 177.5 176.1 160.1 158.8
pristine TS 171.1 171.2 174.8 163.1 158.1
FS 175.2 172.5 170.5 174.3 173.5
IS 179.4 173.0 174.2 158.6 157.4
ND@La-poor | TS 175.8 171.7 171.5 159.5 158.0
FS 177.6 173.0 1769 1729 172.0
IS 175.4 177.0 176.2 156.5 158.0
ND@La-rich TS 169.5 173.7 174.0 157.6 159.1
FS 175.0 173.4 170.7 170.2 173.0
IS / 146.0 146.0 170.8 170.6
OV@La-poor TS / 147.7 147.6 176.7 177.4
FS / 151.3 151.2 164.5 164.3
IS 171.7 155.4 176.8 146.9 162.0
OV@La-rich TS 167.8 148.1 172.1 146.7 167.3
FS 172.8 147.8 164.0 155.8 175.3
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