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Functional form of the DIPPIM model

The DIPole Polarizable Ionic Model (DIPPIM) poten-
tial [1-3] has previously been used to study metal ox-
ides [4-8], and fluoride systems [9, 10]. The potential is
constructed from four components corresponding to the
charge—charge, dispersion, overlap repulsion, and polar-
ization interactions; each of which is described below.
Terms indicated in red in Eqns. S2-S7 are parameterised
for LLZO by fitting to ab initio forces, dipoles, and stress
tensors, and are reported in Table S1.

Coulomb Interactions

Coulombic (charge-charge) interactions are described
by
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where ¢; is the formal charge on ion i.

Dispersion Interactions

Dispersion interactions include dipole-dipole and
dipole—quadrupole terms:
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Céj and C’éj are the dipole—dipole and dipole—quadrupole
dispersion coefficients, respectively. The f% are Tang-
Toennies damping functions [11, 12] which describe the
short-range penetration correction to the asymptotic dis-
persion term:
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Overlap Repulsion Interation

The short range repulsive term is approximately ex-
ponential in the region of physical interionic separations.
The full expression used also includes a Gaussian func-
tion which acts as a steep repulsive wall and accounts for
the repulsion between core electronic states. This extra
term is particularly beneficial in systems with highly po-
larizable ions (e.g. oxygen) where it helps avoid numerical

(

instabilities in the dipoles that can occur at very small
(unphysical) anion—cation separations [13].
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Dipolar Interaction

The polarization part of the DIPPIM potential incor-
porates dipolar effects:
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Here a; is the polarizability of ion ¢, p; are the dipoles
and TW, T®@ are the charge-dipole and dipole-dipole
interaction tensors:

TO(E) = —ro/r® TR (x) = Brars —r%6ag) /1

(S6)
The short-range induction effects on the dipoles are taken
into account by the Tang-Toennies damping functions
(f47) similar to those used to damp the dispersion in-
teractions (Equation S7) where b determines the range
at which the overlap of the charge densities affects the
induced dipoles. The damping of these induction ef-
fects requires an additional pre-exponential parameter,
¢, which determines the strength of the ion response to
this effect [11, 12],
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The instantaneous values of the dipole moments are ob-
tained by minimization of this expression with respect to
the dipoles of all ions at each MD timestep. This ensures
that we regain the condition that the dipole induced by
an electrical field E is «E, and that the dipole values are
mutually consistent.

Interatomic Potential Parameter Fitting

A benefit of the IP parameterization approach pre-
sented here, is that the parameters are derived entirely
from ab initio data, with no direct input of experimen-
tally data. The quality of any parameter set is deter-
mined by the agreement between the DFT training set



and the equiavlent DIPPIM data, calculated for a given
set of potential parameters. Our fitting was performed
against the following training set of configurations mod-
elled using DFT: 3 stoichiometric LLZO cells (each with
192 atoms), where two had tetragonal cell symmetry,
and the other had cubic cell symmetry. These were
given initial lithium distributions by randomly arrang-
ing the lithiums over the tetrahedral and octahedral sites
to achieve an occupancy ratio equal to that of Xu et
al. [14], i.e. 43% of the Li ions in tetrahedral positions
and the remainder in the octahedral positions.; Two Al-
doped LLZO cells with compositions Lis oAl gLagZroO12
and Li4,75A10475La3Zr2012.; One Nb-doped LLZO cell
and One Ta-doped LLZO cell, both with composi-
tions Lig oLazZrMOqs, one cell each with compositions
Li5L&3Nb2012 and Li5L&3T&2012, and two 2x2x2 su-
percells of LiAlOs. Dopant atoms were randomly placed
in the LLZO cells, with Al occupying only tetragonal
Li sites, and Nb or Zr occupying Zr sites. Fitting was
performed against all configurations in this training set
simultaneously.

Each configuration included in the fit was prepared us-
ing ab initio MD simulations at a temperature of 2000 K
using the PBE functional[15] with a 300eV plain wave
cut-off, k-point sampling at the gamma point only and
a timestep of 1fs. All ab initio simulations were per-
formed using the VASP code [16, 17]. The cells were
equilibrated for 50 ps to ensure that the forces on most

ions were greater than 1eV A Following this high tem-
perature equilibrations, static h-DFT (using the HSE06
functional [18, 19]) calculations with a plane wave cut-off
of 500eV were performed to obtain reliable forces and
stress tensors. The resulting wavefunctions were post-
processed using the wannier90 library [20] and the Wan-
nier centres were used to calculate the dipole moments
on each ion [21]. The final y? values were 0.130, 0.206
and 0.160 for the dipoles, forces and stress tensors, re-
spectively. Our fitted parameter set is provided in Table
S1.

The dipole polarizabilities for La3t, Zr*t and 0%~
were obtained from previous work [22], while those for
Nb®* and Ta’t were derived as part of the fit. Disper-
sion terms were derived from these polarizabilities via the
Slater-Kirkwood equation [22, 23].

The DIPPIM forces, dipoles, and stress tensors ob-
tained from this procedure are shown in Fig. S1 for one
LLZO configuration, for comparison with the correspond-
ing training set h-DFT values. The close agreement be-
tween DIPPIM values and the original h-DFT training
set indicates the fitted potential offers an accuracy com-
parable to the reference h-DFT calculations, at a com-
putational cost several orders of magnitude lower.

The quality of the fitted potential can also be evaluated
by comparing forces and dipoles for the DIPPIM model
against those calculated use h-DFT for a LLZO configu-
ration not in the initial training set. We have done this
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FIG. S1. DIPPIM (filled orange symbols) and h-DFT (open
black symbols) calculated forces (top), dipole moments (mid-
dle) and stress tensors (bottom) in atomic units.

for a configuration generated by a short AIMD simula-
tion at 600 K. Figure S2 shows scatter plots of the corre-
sponding forces (top) and dipoles (bottom) for both HSE
(abscissa) and DIPPIM (ordinate). The strong corre-
spondence supports the accuracy of the DIPPIM model.
Interestingly, this comparison reveals that the DIPPIM
model underestimates dipoles at high values, which may
be due to our model only considering the linear first-order
polarisation term, and suggests an even better parame-
terisation would be possible for a potential model that
incorporated hyperpolarisabilities.

Simulation Details

All MD simulations on the lithium garnet
LizLagZro014, were performed using 2 X 2 X 2 su-
percells with 1536 atoms that were generated from the
cells used to perform the potential parameterization
(See below). The supercells were initially equilibrated
at a temperature of 280K for 10ps; the temperature
was then scaled up to 1000K at a rate of 1Kps~! to
study the changes in lattice constant as a function of
temperature. All the equilibration simulations were
performed at constant temperature and pressure (NPT
ensemble), as described by Martyna et al. [24] using
a time step of 1fs. The Coulombic interactions were
summed using Ewald summations [25]. The short-range
part of the potential was truncated at 12.96 A.



TABLE S1. Parameters for the DIPPIM potential. All values are in atomic units. The parameters ng_’

2
Y and b%’o were

given the same value. [ is a placeholder for the identity of the ionic species specified in the first column.

piI Cé] ng béj bgj

Interaction AY a¥ BY
0>~ -0?= 0.00 5.00
Zr*t — 027 7058  1.21
La®t — 0%~ 10348 1.27
Li't — 0% 2029 1.39
AR — 0% 40.04 1.26
Nb%+ — 0%~ 5815 1.12
Ta’t — 0%~ 5814 1.12

50000
50000
50000
50000
50000
50000
50000

0.95 83.0 1240.0 1.30 1.70
1.75 21.0 271.0 1.62 2.10
1.30 57.0 731.0 1.46 1.88
2.06 0.00 000 - -
2.10 0.00 000 - -
1.80 17.6 224.8 1.86 2.42
1.80 174 222.3 1.86 2.42

0?2~ -0 0% -0 O-02%
bp 75)

Ton o cp
0%~ 13.97 2.11 2.86 —
Zrit 2.38 1.74 1.60 -0.75
Lat 7.51 1.72 2.09 0.03
Litt - 1.82 1.42 -
ARt - 1.80 1.41 -
N+ 1.97 1.80 1.46 -0.91
TaSt 1.88 1.79 1.57 -0.55

Validation of the Interatomic Potential

The quality of the DIPPIM model was assessed from its
ability to accurately predict the structure and dynamics
of LLZO, by performing comparisons with available ex-
perimental data (for the structure) and DFT-based MD
results (for the lithium diffusion).

TABLE S2. Experimental and calculated lattice constants for
t-LLZO at 300 K.

Source a(A) ¢(A)

XRD Rangasamy et al. [26] 13.068 12.702
DFT (PBE functional) Meier et al. [27] 13.208 12.659
DIPPIM this work 13.180 12.849

The room temperature lattice constants obtained with
DIPPIM are presented in Table S2 along with experimen-
tal and DFT literature values. The room temperature
lattice parameters from the DIPPIM model are approx-
imately 1% larger than experimental values, as would
be expected due to the h-DFT functional used lacking
dispersion interactions and also slightly overestimating
the volume. LLZO undergoes a phase transition from a
tetragonal to cubic lattice at temperatures above 600 K.
Experimental transition temperatures depend strongly
on the incorporation of Al during sample preparation,
and on exposure to air [28, 33]. The DIPPIM potential
predicts a tetragonal (t-LLZO) crystal structure below
620K and a cubic (¢-LLZO) structure above 620 K (Fig.
S3 (a)). This agrees with the experimental value of 623 K
of Kuhn et al. , and with the value of 600 K from the
DFT-based MD simulations of Bernstein et al. [34].

The calculated DIPPIM Li-Li partial radial distribu-
tion functions, g(r), for t-LLZO at 300 K are presented in
Fig. S3 (b) (green) along with those obtained by neutron
scattering experiments (black) and the shell model from

the work of Klenk and Lai [29]. The g(r) from MD simu-
lations using the soft bond-valence model of Adams and
Rao [30] is shown in blue. The DIPPIM shows an excel-
lent agreement with the experimental structure over the
whole range of distances. Further confirmation that the
DIPPIM model predicts the correct structure for LLZO
was obtained by comparing the predicted fractional occu-
pancies of the tetrahedral and octahedral sites as a func-
tion of temperature in t-LLZO with those obtained ex-
perimentally (Fig. S3 (d)). The experimental occupancy
of the tetrahedral sites at room temperature obtained
from NMR [28] is 0.14, in excellent agreement with our
simulated value of 0.15.

We have also compared the lithium diffusion coeffi-
cients calculated using the DIPPIM MD simulations, to
those obtained from ab initio MD by Miara et al. [31] and
Jalem et al. [32] (Fig. S3 (d)). The values span a range of
400-1000 K because no diffusion was observed at 300 K
despite the long simulation time (87ns). Both high-
temperature c-LLZO (low activation energy) and low-
temperature t-LLZO (high activation energy) regions are
present in the DIPPIM data. The slope of the DIPPIM
calculated diffusion coefficients, which corresponds to the
effective activation energy for diffusion, is very similar to
those from the previous ab initio MD simulations in the c-
LLZO region, and shows the increase in activation energy
below 600 K where the t-LLZO phase is stabilised. The
absolute diffusion coefficients are predicted to be larger
than those from previous ab initio MD calculations. This
is, in part, due to our calculations using cells equilibrated
at each temperature under NPT conditions (giving zero-
pressure volumes), while the simulations of Miara et al.
and Jalem et al. were performed at smaller 0 K DFT cal-
culated cell volumes. For a direct comparison, we have
also calculated DIPPIM diffusion coefficients for ¢-LLZO
in cells constrained at the DIPPIM 0K volume, and at
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FIG. S2. Scatter plots of the forces (top) and dipoles (bot-
tom) obtained for a representative configuration of c-LLZO at
600 K. In The z, y and z components of these quantities are
represented in black, red and green, respectively. All values
are in atomic units (a.u.).

the even smaller PBEsol 0 K volume used by Jalem et al.
Smaller simulation cell volumes give decreased diffusion
coefficients, following the effects of (negative) strain seen
in other ionic conductors [35, 36], and bring the DIPPIM
diffusion conductivities into much better agreement with
previously calculated DFT (PBE / PBEsol) data. We
also performed simulations on LLZO at high tempera-
ture, while constraining the tetragonal symmetry (DIP-
PIM tiso) and obtained an activation energy of 0.47eV,
which is in good agreement with the value reported by
Miara et al. for the same system, 0.43eV. Nonetheless,
exact agreement between the DIPPIM data and previous
ab initio MD studies should not be expected for a num-
ber of reasons. Firstly, we have used a different DFT

functional to the studies of Miara et al. and Jalem et al.
Secondly, the DIPPIM potential, while physically moti-
vated, still represents a model simplification of the true
interatomic forces. A more sophisticated potential that
included terms describing non-linear polarisation effects
[37], or the dependence of oxygen short-ranged repulsion
on local coordination environment [38] would be expected
to give an even better quantitative description of exper-
imental behaviour, albeit at an increased computational
cost.

Extended excitation event

Fig. S4 shows a schematic of an example extended
excitation event in t-LLZO at 300K, which completes
by meeting with itself after passing through the periodic
boundaries of the cell.
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