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Abstract

Experimental and theoretical works have, to date, been unable to uncover the ground state

configuration of prominent solid electrolyte candidate cubic Li7La3Zr2O12 (c-LLZO). Compu-

tational studies rely on an initial low-energy structure as a reference point. In this study, we

present a methodology to identify energetically favourable configurations of c-LLZO, enabling

the isolation of low-energy structures, for a crystallographically predicted structure. We be-

gin by eliminating structures that involve overlapping Li atoms based on nearest neighbour

counts. We further reduce the configuration space by eliminating symmetry images from all

remaining structures. This is followed up with a machine learning-based energetic ordering

of all remaining structures. By considering the geometrical constraints that emerge from this

methodology we determine that a large portion of previously reported structures may not

be feasible or stable. The method developed here could be extended to other ion conductors

and partially occupied crystals. Furthermore, we provide all structures generated in a freely

accessible database with the aim to improve accuracy and reproducibility in future c-LLZO

research.

Main Text

Solid Electrolytes for Li-ion batteries promise higher energy density, improved safety, longer

lifetimes,1 and reduced production costs compared to the current generation of liquid elec-

trolyte commercial cells.2,3 Electrochemical and chemomechanical stability present a signifi-

cant issue for a number of superionic solid state conductors;4 Dendrite formation through the

electrolyte causing the batteries to short-circuit has been reported even for the most stable

solid electrolytes.5–9 Li7La3Zr2O12 (LLZO) has the best interfacial stability of all popular fast

ion conducting solid electrolytes against metallic Li.10 LLZO has two primary polymorphs,

the highly conducting disordered cubic LLZO (c-LLZO) and ordered tetragonal LLZO (t-

LLZO) with a Li diffusivity over two orders of magnitude smaller than the cubic phase.11,12
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c-LLZO has a Hermann-Maguin space group of Ia3̄d with Li atoms partially occupying the

24d and 96h sites (c.f. Figure 1b). c-LLZO is not stable at room temperature but has

been stabilised with a number of substitutional dopants on 24d sites13–16 The 24d site is

tetrahedral and the 96h site occurs at a tetrahedral/octahedral interface.

Figure 1: (a) examples of the 3 smallest site interactions from the centre of each atom. First
and second neighbour Li sites are too close and cannot simultaneously contain a Li atom. (b)
a unit cell of c-LLZO with all 24d (dark purple) and 96h (light purple) sites highlighted. O
and La are represented by red and green spheres respectively, the Zr atoms are represented by
the blue polyhedra. (c) shows experimental and theoretical site assigments and/or starting
structures in the literature: a,17 b,13 c,12 d,18 e,19 f,20 g,21 h,22 i,22 j,22 k,23 l,24 m,21 n,7–9,25–29

o,30 p,31 q,32 r,33 s,34 t,34 u.35 * indicates that experimental assignments used neutron
diffraction, no * means the experimental assignments used x-ray diffraction. The region
in red indicates the 24d :96h ratios that cannot exist without a Li-Li interaction below the
crystal ionic diameter. The data for this image is provided in the supporting information
(Tables S1 and S2). (d) a scale showing the important Li-Li interactions distances recorded
in the literature: Crystal Ionic Diameter,36 Min Literature Distance,37 Metal,38 Dimer (in
a vacuum) (c.f. figure S4), In Liquid Electrolyte (average Li-Li distance)39 as well as our
chosen cutoff point at 1.7 Å (red dashed line).

Despite the material’s technological relevance and intensive study35,40–44 there is no con-

sensus of c-LLZO’s Li occupancy (c.f. Figure 1c). Here, we present a combinatorial study

to find and rank all possible Li site occupancies. Previous computational studies often use
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one of the experimental values in Figure 1 as a starting point to obtain an idealised unit cell

using a variety of methods (c.f. Table S2). The range of predicted structures in the literature

indicates some disagreement about the ground state. Without knowing if the structures used

are close to the ground state, more complicated thermodynamic and observable, properties

calculated from these structures may not be well described.

To find the most stable structures we intend to produce all possible structures of a c-

LLZO unit cell and order them energetically to ascertain the presence of a significant energy

difference in choice of structure. We also hope to elicit whether some of the structural

properties, such as the 24d :96h ratio, are indicative of a structure’s energy. We neglect to

include the 48g site that occurs between the 96h sites as it is not reported in most refinements

we find (c.f. Table S1 for references). The structures produced in this work are be published

alongside our results (c.f. Supporting Information (SI) section ) in the hope that we can

provide further clarity and improve reproducibility in this field of research.

The number of ways to populate 120 sites with 56 Li is
(
120
56

)
≈ 7.4 × 1034, rendering a

brute-force combinatorial method unviable. To reduce this configuration space, we begin by

eliminating all overlapping Li atoms (c.f. Figure 1a)45 by imposing a minimal Li-Li distance.

Here, we use 1.7 Å (c.f. SI section ) which is less than 2 times the ionic radius of a Li atom

and smaller than the minimum distance in t-LLZO (2.56 Å),46 and significantly less than

Li-Li distances in metallic Li. In practice, any minimal distance between 1.67 Å and 2.3 Å

would be suitable for a numerical implementation.

This constraint on allowed Li-Li distances immediately limits the physically possible

24d :96h ratios. To describe the possible structures available under this simple geometric

constraint, we outline the two major consequences this limit imposes.

1. A maximum of 48 out of 96h sites can be occupied at anyone time: each 96h site exists

as a pair within 0.68 Å of each other, at most one site can contain a Li atom.

2. Each of the 24d occupation eliminates 4 out of 96h sites as they are within 1.67 Å of

this site.
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We can use this information to narrow the range of Li site occupations

y96h Occupancy ≤ N96h sites

2
, (1)

y96h Occupancy ≤ N96h sites − 4x24d Occupancy, (2)

where N96h sites is the number of total 96h sites, y96h Occupancy is the number of 96h sites

occupied, and x24d Occupancy is the number of 24d sites occupied. The area described in Eqs. 1

and 2, the unshaded area in Figure 1c, is the region with sufficient Li spacing at a given

Li concentration. The full region is shown in figure S1. Outside of this area the structures,

by necessity, will have a Li-Li interaction smaller than what we would expect to find in

reality. For the stoichiometrically predicted case (56 Li atoms per unit cell), we observe that

8 ≤ x24d Occupancy ≤ 13.3̇. This means the only stoichiometric 24d :96h ratios possible, for a

single unit cell, are 8:48, 9:47, 10:46, 11:45, 12:44, and 13:43. This is how we refer to specific

ratios throughout the rest of this communication.

Figure 1c shows a significant number of studies report structures that imply overlapping

Li atoms with Li-Li distances smaller than 1.7 Å. For example, a structure with a 24d :96h

ratio of 17:39 has a population of 17 24d sites necessitating that 68 (4× 17) out of the 96 h

sites will fall within 1.7 Å of an occupied 24d site. Trying to distribute 39 Li atoms amongst

the remaining 28 (96− 68) sufficiently spaced 96h sites is impossible so 11 of these Li atoms

will occupy sites within 1.7 Å of another Li atom.

Having established the possible 24d :96h ratios, we can generate all allowed structures.

We initially generate all possible 24d permutations for a given 24d occupancy, eliminating

directly neighbouring 96h sites from consideration. We then populate the remaining 96h sites

such that no two nearest neighbours are occupied simultaneously. The number of structures

for each 24d :96h ratio, for one unit cell, are given in Table 1. We use the crystal structure

sites reported by Buschmann et al. 19 as our framework to perform our generation in.

This method will generate all possible structures, approximately 2.3 × 108, including
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symmetry-equivalent duplicates. To further reduce our large data set to unique conforma-

tions, we construct the upper triangular connectivity matrix of the Li sub-lattice for each

structure. We define a connectivity matrix as the distances between each Li atom to every

other Li atom. The matrix is then flattened and sorted to ensure uniformity in all matrices.

This preprocessing of our structures decreases the memory required to store our structures

compared to the full atomic structure of the crystal. A direct comparison of all structures

to check symmetry would be computationally costly. We use local sensitive hashing (LSH)47

to perform fast approximate similarity searches with further lower memory requirements

than the unhashed data. The use of LSH optimises the pairwise comparison from scaling at

O(N2) to O(N), where N is the number of structures. This symmetry comparison method is

designed to work for large data sets of similar data, allowing us to perform symmetry checks

on over 100 million structures in a reasonable time frame and attainable memory require-

ments, something that would be impractical to attempt with conventional methods.48–50 The

trade-off for increased speed and lower memory costs is the high specificity of the method.

In practice, this method is limited to comparison of monoatomic sub-lattices with predefined

positions.

We validated this method for both 13:43 and 12:44 ratios, see the supporting information

for further discussion. Employing this technique we find that only approximately 1% of our

structures are symmetrically unique, allowing a reduction by a further factor of approxi-

mately 100 (c.f. Table 1).
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Table 1: The total number of c-LLZO structures for every possible 24d :96h ratio
after limiting to the specific 24d :96h ratio(s) (c.f. SI section ), mandating all
Li-Li interactions must be greater 1.7 Å, and ensuring the structures generated
are symmetry unique

24d :96h Ratio Limited > 1.7 Å spacing Symmetry unique

8:48 1.8× 1025 80,019,456 816,454

9:47 9.3× 1023 98,304,000 905,216

10:46 4.4× 1022 41,754,624 366,971

11:45 1.9× 1021 7,176,192 65,958

12:44 7.6× 1019 427,176 4,162

13:43 2.6× 1018 1,056 11

Total 1.9× 1025 227,682,504 2,158,772

Having reduced the configuration space to around 2×106 structures (c.f. Table 1) we can

energetically order our structures. To achieve this in a reasonable time frame, we perform

DFT calculations on small subsets of the total number of structures. The results are then

used to fit a multiple linear regression (MLR) model. The DFT calculations were performed

on 2 major subsets of structures. The first subset was the 200 energetically lowest structures

according to the COMPASSIII forcefield,51 (c.f. SI section ). The second subset was a

random selection of approximately 1000 structures across the entire configuration space to

ensure good coverage. In total 1235 single point DFT calculations were performed.

All DFT calculations were performed with the ONETEP code, where the computational

cost scales linearly with the number of atoms as opposed to cubic scaling in conventional

DFT.52,53 We use the PBE GGA exchange correlation functional54 and a kinetic energy

cutoff of 830 eV. Further details including all input files can be found in SI sections and .

We assume the base LaZrO structure remains relatively unchanged with each configura-

tion and therefore the majority of all energetic changes are due to Li placement. Therefore,

an expression of all types of Li interactions would be a sufficient descriptor for predicting

the energies of c-LLZO structures. The DFT energies were paired with a numerical rep-
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resentation of the structure and fit using a multiple linear regression model (MLR). The

structures were represented by a frequency occurrence list of all possible Li-Li interactions.

This representation is a reformulation of the connectivity matrix of the Li sub-lattice used

for the symmetry reduction described above. The data were split into test and training sets

with a 1:3 ratio.

We found through applying this model to our test set a correlation of 0.9996 (c.f. Fig-

ure 2a) with DFT energies with a mean average error of 0.0325 eV.

Figure 2: (above) the parity plot of the test set of ONETEP total energies compared to
MLR predicted energies for each 24d :96h ratio. (below) The relative frequency of energy
occurrences for each 24d :96h ratio.

All structures are found to occur within a range of 5.8 eV of our lowest energy structure.

19 out of the 20 lowest energy structures have a ratio of 8:48 (c.f. Figure 2b) with the

19th lowest being 9:47. The average energy for all structures occurs at 1.47 eV higher than

the ground state structures. The average energy for each ratio increases with increasing 24d

occupancy, indicating an energetic preference to avoid 24d occupation where possible. There

are four structures, all 8:48, within 0.026 eV (1 kT at 298 K) of the lowest energy structure

we find (c.f. Figure 3). The four lowest energy have very similar atomic coordinates, all
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have the same 24d configuration with only slight variations in the 96h configuration. We

perform geometry optimisation calculations on the final four structures and find the energy

gap between them narrows further.

Figure 3: The workflow we employ to find our 4 final structures from given occupancies.
Above each structure is its respective 24d :96h ratio and unique identity number in the c-
LLZO database we have built (c.f. SI section )

We note that our energetic ordering procedure does not include entropic contributions

and assumes a reasonable retention of ordering upon geometry relaxation, which are both

approximations. We have tested the effect of geometry relaxation on a small dataset of

20 structures (c.f. SI section ). A large-scale energy prediction of the geometry optimised

structures falls outside the scope of this communication.

In summary, we have created a fast evaluation procedure to generate and energetically

order all crytallographically predicted structures for crystals with partially occupied sites.

We have used the basis of this procedure, disallowing structures with atoms too close to

each other, to highlight that a large proportion of experimental and theoretical literature are

predicting or working with structures that are not reflective of a real system (c.f. Figure 1).

It is our hope that in providing all possible structures so we can bring further accuracy and

reproducibiliy to future computational LLZO research.
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Experimental Literature Summary Table

Table S1: All Experimental papers we could find that explicitly report the site
occupancies of the 24d and 96h sites. The second column shows paper and the
reported stoichiometry. The third column reports the method used with ”X-
ray” referring to some form of X-ray diffraction and ”Neutron” referring to any
presence of Neutron powder diffraction being present in the assignment. The
remaining columns are taken directly from the respective papers and standard-
ised to report the proportion of sites occupied out of total sites and the amount
of atoms that would result in for a full cubic structure
* Ga occupies some of the La 24c sites. We have also approximated the 12a and
12b sites to be the same as the 24d sites, as well as the two 48e Li sites to be
96h so we can compare with the other structures.
† a significant portion of Li reported was unassigned

Paper
Assigned Stoichiometry

Method Li 24d Frac-
tion
(Occupancy)

Dopant 24d
Fraction (Occu-
pancy)

Li 96h Frac-
tion
(Occupancy)

Total As-
signed Sites
Occupied

a Xie et al. 17

Li7La3Zr2O12

X-ray 0.564 (13.53) - 0.442 (42.43) 55.96

b Geiger et al. 13

Li4.47La3Zr2O12

X-ray 0.37 (8.88) - 0.28 (26.88) 35.76

c Awaka et al. 12

Li7La3Zr2O12

X-ray 0.94 (22.56) - 0.349
(33.504)

56.08

d Brugge et al. 18

Li6.6Ge0.1La3Zr2O12

Neutron 0.943 (22.64) Ge 0.033 (0.8) 0.315 (30.24) 53.68

e Buschmann et al. 19

Li6.06Al0.2La3Zr2O12

Neutron 0.54 (12.96) Al 0.0653 (1.44) 0.37 (35.52) 49.92

f Hiebl et al. 20

Li7Al0.33La3Zr2O12

X-ray 0.712 (17.08) Al 0.11 (2.64) 0.406
(38.976)

58.696

g Wagner et al. 21

Li6.03Al0.08La3Zr2O12

X-ray 0.68 (16.32) Al 0.076 (1.824) 0.32 (30.72) 48.864

h Rettenwander et al. 22†

Li5.5Al0.19La3Zr2O12

Neutron 0.54 (12.848) Al 0.064 (1.528) 0.31 (30.0) 44.376

i Rettenwander et al. 22†

Li5.5Al0.20Ga0.05La3Zr2O12

Neutron 0.57 (13.65) Al 0.066 (1.584),
Ga 0.016 (0.384)

0.31 (29.344) 44.96

j Rettenwander et al. 22†

Li6.3Al0.12Ga0.08La3Zr2O12

Neutron 0.67 (16.08) Al 0.039 (0.944),
Ga 0.027 (0.64)

0.35 (33.752) 51.416

k Robben et al. 23*
Li6.25Ga0.52La2.67Zr2O12

X-ray 0.811
(19.464)

Ga 0.063 (1.512) 0.315 (31.68) 52.656

l Howard et al. 24

Li5.5Ga0.5La3Zr2O12

Neutron 0.263 (6.312) Ga 0.167 (4.008) 0.393
(37.728)

48.048

m Wagner et al. 21

Li6.58Ga0.016La3Zr2O12

X-ray 0.984
(23.616)

Ga 0.016 (0.384) 0.30 (28.8) 52.811
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Theoretical Literature Summary Table

Table S2: All theoretical studies we could find who explicitly report their 24d :96h
ratio and a brief summary of how their structures were generated. If a dopant
is present it is included in the total 24d :96h ratio. We should note that under
the majority of these schemes the 24d :96h
ratio is likely not maintained after a allowing their structure to relax or move
but the final ratio is rarely reported.
† Methodology is discussed further in text

Paper Li 24d :96h
Ratio

Method

n Tian et al. 9 13:43 Use experimentally defined ratio17 and generate 10 ran-
dom structures

n Gao et al. 8 13:43 Use experimentally defined ratio17 and generate 10 ran-
dom structures

n Yu et al. 25 13:43 Unpublished electrostatic minimisation method

n Thompson et al. 26 13:43 Unpublished electrostatic minimisation method

n Sharafi et al. 27 13:43 npublished electrostatic minimisation method

n Sharafi et al. 55 13:43 Unpublished electrostatic minimisation method

n Yu and Siegel 28 13:43 perform a quasi random distribution of Li while keeping
the occupancy of sites set

n Barai et al. 7 13:43 quasi-random distribution

n Rettenwander
et al. 29

13:43 (Al) Highest symmetry possible (for computational costs)

o Zhang et al. 40 11:37 Use experimentally defined ratio12* and geometry re-
laxes structure. Explanation is not given as to why the
total number of Li changes

p Xu et al. 30 24:32 Fill all 24d sites, randomly distribute the 96h then per-
form a geometry relaxation

q Jalem et al. 31 14.64:40.05 AIMD at 1800 K

r Meier et al. 32 23:33 120 randomly distributed structures with ratio given by
experiment12

s Santosh et al. 33 22.56:32.64 Started with experimental results12 and optimised

t Verduzco et al. 34 10.59:45.51 Average occupancies after 25 ps of AIMD at 1273 and
1773 K

u Verduzco et al. 34 11.05:44.60 Average occupancies after 25 ps of AIMD at 1273 and
1773 K

v Haarmann et al. 35 8:48 (Al) Combinatorial Software + AIMD†
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Haarmann et al. 35 perform the most rigorous exploration of c-LLZO we found. They use the

generalised combinatorial structure generation software, Supercell,56 to generate a number

of possible structures. However, due to the large amount of structures in typical c-LLZO

cell, let alone a 2x2x2 supercell with an Al present, they limited the configuration space by

only placing 48 Li exclusively at 48g sites and relying ab-initio molecular dynamics (AIMD)

and geometry relaxation to move the Li into the correct 96h site. They allow the remaining

Al and Li atoms the freedom of the 24d sites and generate all combinations and selecting

the supercell with the lowest coulombic energy to proceed with. There are 2 issues with this

procedure. Firstly, the choice of initial structure was mostly for convenience of a smaller

phase space and a low energy structures is not necessarily guarenteed even with AIMD.

Secondly, as we show in our supporting information using, the coulombic forces alone is not

sufficient to energetically order c-LLZO structures.
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Figure S1: Zoomed out version of figure 1c showing the full area defined by equations 1 and
2.

Reduction of configuration space

The total number of structures (x) available for each 24d :96h ratio (i) for a single unit cell

of a given Li occupancy (N), 56 for the stoichiometric case, can be calculated as

xi =

(
24

i

)
+

(
120− 4i

N − i

)
(3)

For a stoichiometric unit cell we can calculate the total number of structures (xtot) as

xtot =
13∑
i=8

(
24

i

)
+

(
120− 4i

56− i

)
≈ 1.93× 1025 (4)

14

https://doi.org/10.26434/chemrxiv-2023-gz4d0 ORCID: https://orcid.org/0000-0001-8959-0112 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-gz4d0
https://orcid.org/0000-0001-8959-0112
https://creativecommons.org/licenses/by-nc-nd/4.0/


Alternative Energy Calculators

When attempting to energetically order all 2× 106 structures we initially attempted to use

already available methods such as force fields, which neglect explicitly modelling the electrons

in favour of fitted potentials, or Density functional tight-binding (DFTB) which is based on

a second-order expansion of the Kohn-Sham total energy functional.57 These attempts were

unsuccessful as they were unable to reproduce the energetic ordering produced by a sample

DFT calculation batch. A comparison of the individual methods can be seen in figure S2.
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Figure S2: A comparison of the energetic ordering of all symmetry unique 13:43 structures for
different energy calculators compared to our ONETEP calculations: (a) CASTEP:58 DFT
software used as our base line comparison, (b) and (f) FORCITE:59 universal forcefield,60 (c)
and (g) FORCITE:59 custom forcefield that exclusively considers the coulombic interaction
of atoms, (d) and (i) DFTB+:61 Slater-Koster library developed for Li ion batteries59 and
extended to include La and Zr interactions (if required) with data from the LLZO A2 Slater-
Koster library, (e) and (j) DFTB+:61 unpublished custom parameterised Slater-Koster file
specifically for LLZO, (h) FORCITE:59 using the COMPASSIII forcefield,62 (k) FORCITE:59

using the cvff forcefield,63 (l) FORCITE:59 using the pcff forcefield64

Orderings with ”Li” in the title indicate only the Li sublattice was used in the energy
evaluation. ”LLZO” indicates all atoms were used. Energy values are not included as they
often (in the case of the Li only calculations) do not correspond to real systems. We are
only interested in the ordering.
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Due to the limited number of forcefields available with La and Zr parameters and that

we predict the majority of the energy differences to come from the unique Li configurations

we believed that excluding non-Li elements may still be sufficient to energetically order our

structures. The only appropriate method we found was the COMPASSIII forcefield when

applied to only the Li-sublattice (c.f. figure S2h). It was able to order the 13:43 with a

correlation coefficient of 0.991. Given the success of COMPASSIII we sought to use it on a

wider range of structures (c.f. figure S3).

Figure S3: A comparison of 1235 relative DFT energies (found with settings described in SI
section ) to that of COMPASSIII

Figure S3 shows that COMPASSIII predicts a more pronounced separation of energies

depending on the 24d :96h ratio than is predicted by ONETEP, while good intra-ratio or-

dering is retained. This issue was considered too large to surmount in this paper and we

developed the multiple linear regression model presented in the main text instead.

ONETEP details

The following settings were used for our ONETEP calculations:
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• Functional: PBE

• Kinetic Energy Cut-off: 830 eV

• Pseudopotentials: CASTEP on-the-fly generated pseudopotentials58

• NGWF Radii:

– Li: 9.0 bohr

– La: 10.0 bohr

– Zr: 10.0 bohr

– O: 9.0 bohr

• NGWF number:

– Li: 5

– La: 17

– Zr: 10

– O: 5

Dimer in Vacuum

To find the optimal inter atomic distance of a Li-dimer we performed 30 single-point calcu-

lations in a large unit cell to prevent self-interaction. We use the same, relevant, settings as

used in SI section
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Figure S4: The energy of a Li Dimer with changing inter-atomic distance, the fit being a
3rd order polynomial of the calculations close to the optimal distance (yellow). the 1.7 Å
calclulation (red) is displayed for comparison.

Using the fit in figure S4 we find the minimum energy likely to occur at approximately

2.7 Å. We also observe the large energy penalty for Li atoms approaching 1.7 Å of eachother.

Symmetry

Symmetry Checking

To validate our symmetry checking methodology we compare our results against that of more

rigorous methods.48 We use the atomic simulation environment (ASE) python package’s

symmetry equivalence check on the two smallest 24d :96h ratios (c.f. table 1): 12:44 and

13:43.
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In both cases the same number of structures were produced using either method. Both

scripts are provided with our database in SI section .

Symmetry Against Energy

Each generated c-LLZO structure will have a symmetry that is a reduced version of the Ia3d

space group of the general crystal. We have assigned the new space groups for all 2 × 106

symmetry unique structures, knowing the group we can plot the order of the group against

the predicted multiple linear regression (MLR) energy

Figure S5: MLR energies compared to the order of the individual structure space group, for
each 24d :96h

The most symmetric ratio appears to be 8:48 followed by 12:44 and finally 10:46 with

very few odd numbered 24d occupancies having more symmetry operations higher than 1

(the identity). there does appear to be a slight correlation between lower energy and higher

symmetry.

We tested including the symmetry of the structure in our MLR model but found it made

a negligible difference to overall results.
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Geometry Optimisations

To assess what effect the geometry relaxed structures have on the overall ordering and

also to compare our low energy structures to that of a random selection we perform 20

geometry optimisation calculations. We use the settings outlined in SI section as well

as the following geometry optimisation settings for the Broyder-Fletcher-Goldfarb-Shanno

(BFGS)65 optimisation algorithm

• Energy tolerance: 1.0E-6 hartree

• Force tolerance: 0.002 ha/bohr

• Displacement tolerance: 0.005 bohr
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Figure S6: A comparison of the energetic ordering of 10 lowest structures according to MLR
and 10 random structures for single point (SP) and geometry optimisation (GO) calculations.
All energies are relative to the 355474 result for each calculation type

Figure S6 demonstrates no correlation between the single point structures and their

geometry optimised counterparts. We observe three types of site change upon relaxation.
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96h to 96h, 96h to 48g and 96h to 24d listed in order of frequency occurred. None of these

site changes correlated significantly with the geometry optimised energy. The 96h to 24d

transition was only recorded once and yielded our lowest overall energy structure (structure

label 1095859): 0.58 eV lower in energy than the geometry optimised lowest energy single

point structure. The 96h to 24d transition meant that the ratio of the structure changed

from 9:47 to 10:46, the only time we have observed such a feature.

In figure S7a there is a negative correlation between the mean distance moved of all Li

atoms in the c-LLZO structure and increasing energy of the final optimised c-LLZO structure.

This indicates that the more the Li atoms move from their original crystallographic site

the lower in energy the structure. Figure S7b shows a weaker negative correlation between

distance to a crystallographic site and energy. These results indicate that from the structures

assessed movement from original sites is preferable to attain lower energies and movement

to another site is not necessary in order to attain a lower energy structure.
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identified Li site. Colours identify the 24d :96h ratio of the starting structure.
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