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S1. Force-field database and validation.

S1.1 DFT Databse

The database of structures employed to adjust the Buckingham potential
parameters (see Table 1 of the main text) is summarized in Table S1. The
energies, stresses, and forces were extracted using density functional theory
(DFT). All structures consist of 8 formula units (f.u.) of substituted LLZO.
For a temperature 7' = 0 K, the structures were subjected to energy mini-
mization at constant volume (i.e., ions were allowed to move while the cell
parameters remained fixed). For T > 0 K, the structures were extracted from
2 ps long ab initio molecular dynamics (MD) simulations. 0%T,; and 100%T}y
correspond to structures in which all Ga ions are located in octahedral (Oy)
or tetrahedral (Ty) Li' sites, respectively.

Table S1: Number of structures employed to adjust the Buckingham potential
for Ga0.15/Scy—Li7La3Zr2012.

LLZO 8 f.u. T(K) 100%T,; 0%T,; Total
Li53Ga1Lag4Zr15096 0 306 209 525

Lis3GayLagyZri5094 900 500 500 1000
Lis3GaqLagyZri15096 1000 100 100 200
LissGajLagsZri5Sc; Ogg 0 60 64 124
LissGaiLagsZri5Sc10g9s 900 500 500 1000
LissGajLagsZri55¢10gs 1000 100 100 200
Total 3049

S1.2 Force field validation

Figure 3 in the main text presents validation results for the lattice constant
(a) and conductivity (o) of dual doped-Gag15/Sc, LLZO, which are com-
pared with the experimental values reported by Buannic et al. [1]. In this
section, we compare the estimated values of a and o for Sc-free Ga,-doped
LLZO with those presented in several experimental works for a range of the
Ga content, x (Figure S1).
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Figure S1: Computed (this work) and experimental lattice constant, a
[2, 3, 4, 5, 6] (a) and ionic conductivity, o [7, 8, 9, 10, 11, 12, 6] (b) of
Li,_3,Ga,LasZr,015 at 300 K, as functions of the Ga content .

S2. Ion clustering description.

The clustering process to classify the Li* ions according to the average dis-
placement, < d; >, is as follows:
a. Average Displacement Calculation:

For each Li™ ion, we calculate the mean displacement < d; > across the
simulation timeframe, t;,;. < d; > is computed according to Eq. 2 in the
main manuscript and is a weighted measure of the displacement that Lit
ion ¢ undergoes during the simulation run. To illustrate why not the "total
displacement", D; = 7;(t1o1a1) — 73(0), was employed as a measure of mobility,
see the schematic provided below:
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Figure S2: Average displacement (< d; >) vs. Total displacement (D;) - a
schematic representation.

In both scenarios (a) and (b), a particle moves in one dimension and
performs a jump of length Az at each time step, for a total simulation time
of 5. In (a), the particle moves monotonically away from its initial position.
Thus, < d; >= D; = bAx, and ¢ will be classified as a high mobility ion.
In (b), the particle retraces its path at t = 4. Thus, < d; >= 3.7Az, while
D; = Ax. Whereas the total displacement would suggest that ¢ is a low
mobility ion, < d; > correctly indicates that ¢ is actually a “middle” mobility
ion that, due to stochasticity finished its trajectory at t;,;qs = 5 close to the
origin.

b. Clustering with k-Means:
The k-means algorithm is applied to the set of {< d; >}i:17 n Values,

where N is the number of Li* ions. In k-means clustering, data points (in
this case, < d; >) are grouped into a specified number of clusters (k). The
algorithm iteratively assigns each ion to one of the k clusters based on the
closeness of its < d; > value to the cluster’s mean (centroid). This pro-
cess continues until the assignment of ions to clusters stabilizes (i.e., further
iterations do not significantly change the composition of the clusters).

c. Elbow Method for Determining the Number of Clusters (k):

The elbow method was used to determine the optimal number of clusters
(k = 3 in this case). It involves running the k-means clustering algorithm
for a range of k values (1 to 9) and calculating the sum of squared distances
from each point to its assigned center (also known as Within-Cluster-Sum-
of-Squares). Then, it looks for the "Elbow Point" (see Figure S3), where the
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rate of decrease changes sharply. This point is considered an indicator of the
appropriate number of clusters.
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Figure S3: The evolution of the Within-Cluster-Sum-of-Squares (WCSS) ver-
sus the number of clusters k, with the ‘Elbow Point’ highlighted.

S3. Site analysis validation.

S3.1 Site identification and characterization

We have validated our DM-based site identification approach (Figure 2 of
the main text) by analyzing undoped cubic LLZO with a 3x3x3 supercell.
Figure S4 displays the cluster map associated with the Li-ion density. Each
cluster corresponds to an individual Li" site, identified with a distinct color
to facilitate visualization. The cluster map is entirely derived from MD
trajectories without a priori knowledge of the system structure.



Cluster Map

Figure S4: Cluster map of the undoped cubic LLZO 3x3x3 supercell in the
(001) and (111) orientations.

The cluster map enables the calculation of site volumes (which are pro-
portional to numbers of voxels in each cluster), site amplitude (which is a
measure of the characteristic size of the site), the number of nearest neighbors
(NN) for each site, and the site occupancy as follows:

e Volume: It is calculated by multiplying the number of voxels com-
prising the cluster by the size of each voxel. Notably, this particular
calculation is also integral in establishing the density cutoff p..; as de-
scribed in the main text (see Figure 2 of main text).

e Amplitude: It is calculated by locating the cluster’s centroid and
subsequently measuring the distance from the centroid to the farthest
voxel within the cluster.

e Number of NN: It is determined by counting the sites within a spec-
ified cutoff distance, d.,;, which is determined as

Aot =< Asitey > + < Asite, > H(< Agitey > + < Agite, >) x 0.5, (1)

where < Agire, > and < Agje, > are the average amplitudes of the two
types of adjacent sites, and (< Agjpe, > + < Agite, >) % 0.5 is an extra
term accounting for the interstitial space between them.



e Occupancy: It is determined by summing the density of all the voxels
within the cluster, that is:

Osite = th (2)
=1

where O, is the occupancy by site, ¢ is the number of voxels forming
the cluster, and p; is the density in each voxel 1.

Figure S5 (a) shows the number of voxels within each cluster. This data
provides a clear differentiation between two types of sites, Type 0 and Type 1,
denoted as black and red dots. Figures S5 (b) and (c) present the amplitudes
and NN associated with the Type 0 and Type 1 sites.

In Figure S5 (a), we can observe the distribution of the number of voxels
within each cluster, facilitating a clear distinction between two categories of
sites: Type 0 and Type 1, represented by black and red dots, respectively.
In Figures S5 (b) and (c), we delve deeper into the characteristics of these
two site types, examining their amplitudes and number of NN.

Type 0 sites (black dots) exhibit an average amplitude of approximately
0.65 A and are surrounded by 4 NN, aligning with the known characteristics
of Ty sites [13]. In contrast, Type 1 sites (red dots) display an average site
amplitude of around 1.1 A and maintain 2 NN, in perfect agreement with
the distinctive features attributed to Oy, sites [13].
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Figure S5: Site number of voxels (a), amplitude (b), number of nearest neigh-
bors NN (c), and occupancy in cubic LLZO at 300K. Two types (Type 0 and
Type 1) of sites are denoted by black and red dots, respectively.

Our methodology effectively allows us to identify the 1944 Lit sites of
cubic LLZO within a 3x3x3 supercell, 648 24d T, sites and 1296 48g/96h
Oy, sites. Moreover, the permissible range of Li-site occupancy falls within
the limits of 0.333 < Or, < 0.55 and 0.88 < Op, < 1.0 [14]. These values
align closely with those presented in Figure S5 (d) for Type 0 and Type 1
sites, respectively.

S3.2 Radial occupancy

The radial occupancy roce(r) between the sites Type 0 and Type 1 is defined
as:

No M

rocco—1( Nt Z Z O (3)

111]1

where O};(r) is the occupancy of the sites Type 1 at a distance r within a
spherical shell of thickness dr from sites Type 0, as illustrated in Figure S6.
Ny and N; are the number of sites of Type 0 and Type 1, respectively, and
Nt is the total number of Type 1 sites considered (i.e., Nt = SN Ny.). In
this work, we have extended 7 up to 10 A using dr = 0.5 A



Figure S6: Schematic representation of radial occupancy, roce(r). Type 0
and Type 1 sites are represented by black and red spheres, respectively.
Meanwhile, the blue and yellow spheres represent a specific site Type 0 and
the sites at a distance r within a spherical shell of thickness dr from sites
Type 0.

S4. Gay15/Sc,~-LLZO conventional ionic conduc-
tivity.

Figure S7 illustrates the calculated ionic conductivity of Gag 15/Sc,-LLZO at
T = 300 with the conventional assumption that all Li-ions contribute equally
to ionic conduction. Clearly, the behavior is somewhat erratic compared
to that in Figure 3b of the main text, in which subdiffusive ions are not
considered.
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Figure S7: Calculated ionic conductivity, considering all Li ions as equals, of
Gag 15/Sc,-LLZO as a function of S¢** content (y) for several Ga*" distribu-
tions (%Ty) at T = 300 K.

S5. Gag15/Sc,-LLZO occupancy limits.

Let us consider a cubic Li;LagZryO1s unit cell (8 f.u.) with 56 Lit ions (Ny)
distributed across 72 Lit sites (i.e. 24 T, and 48 Oy, sites). We can define
Nz, and Np, as the numbers of Lit ions in T, and Oy, sites, respectively.
Thus N, = Np, + No, -

In the dual doped system Lig 55,,Gag15LaszZra_,Sc,O1a, if g Ga®* and s
Sc3t ions are introduced in total, we have that

NTd + NOh = Ntot — 3g + S, (4.)

where each Ga®* substitutes a LiT ion and produces 2 Li*-vacancies, while
a Sc3* ion substitutes a Zr*t ion and, therefore, introduces an additional Li*
ion due to charge compensation.

In addition, a Ga** ion may occupy either a T, or an Oy, site. Thus, ¢
can be split into two parts,

9 =J9ry, + 9go,,- (5)

Let us assume that all the T} sites are initially occupied. Consequently,
all Oy, sites will be empty, as depicted in Figure S8 (a).
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Figure S8: In these schematic representations, (a) illustrates a fully occupied
T, structure (full-black circles) with four adjacent empty O, sites (empty-red
ovals). (b) depicts the scenario where a Li* ion is removed from a T} site
(empty-black circle), leading to the occupation of adjacent O, sites.

If we remove one Lit ion, then 4 Li™ ions can now be put into the adjacent
Oy, sites. Thus, if = Ty sites are left empty, we get

NTd =24 — gr, — % (6)
and

Noh =4z. (7>
By plugging Eqs. (5), (6) and (7) in Eq. (4), we obtain

5 3 S
NTd = § - 18C<de 4) 5 (8)
and
No, = 55=(32 = 9(3 = fr.)) — 5. ©)

where fr, is the fraction of Ga in T sites, defined as fr, = (¢ — g0, )/9:
and C'is the number of unit cells in the structure.

Finally, the maximum and minimum limits for the occupation of the T,
and Oy, sites is given by

Nr,

or, (10)

Or, =

and

11



Oo, = < (11)

where S, and Sp,, are the total numbers of sites of each type, respectively.
In the case of a unit cell, those correspond to Sy, = 24 for T; and Sp, = 48
for Oh.

S6. Gag15/Scyo-LLZO density maps.

Figure S9 shows the density maps of the Li subset Lip,, in the (100), (001),
and (001) planes for the system Gag 15,/Scq.0-LLZO in the 0%T, and 100%T,
configurations (indicated above the plots) at 300 K.
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Figure S9: Density maps of Li,, ions in the (100), (001), and (001) planes
for Gag.15/Sc.0-LLZO with 0%T,; (a) and 100%T, (b) at 300K. Ga3' ions
are represented as orange spheres.
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