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This study presents novel computational methods applied to the technologically significant solid elec-

trolyte materials, Lig 55.4,Gag.15La3Zra_yScyO12 (Gag.15/Sc,-LLZO), in order to investigate the effect
of the distribution of Ga3* on Li-ion dynamics. Utilizing a specifically designed first-principles-based
force field, molecular dynamics, and advanced hybrid Monte Carlo simulations, we systematically
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examine the material's transport properties for a range of Ga3* and Sc3*t cationic concentrations.
Additionally, we introduce innovative post-processing methods employing data mining clustering
techniques, shedding light on Li* ion behavior and conductivity mechanisms. Contrary to prior as-
sumptions, the presence of Ga3t in octahedral sites, not tetrahedral junctions, optimally enhances
Li-ion conductivity, unlocking Li-ion diffusion pathways. The research illuminates how dopant dis-
tribution influences Lit site occupancy and conductivity, offering key insights for advanced solid

electrolyte design.

1 Introduction

The burgeoning growth in electromotive vehicles and intermit-
tent energy generation from renewable sources is boosting the
demand for safe, efficient, and cost-effective batteriesl. Solid-
State Batteries (SSBs) incorporating non-flammable, non-toxic,
fast-ion conducting solid-state electrolytes (SSEs) hold immense
potential towards satisfying these requirements®3. Consequently,
the search for suitable SSEs is a crucial aspect of SSB devel-
opment. Various crystal structures, including perovskites, sul-
fides, NASICON-like and LISICON-like matrials, argyrodite and
garnets®®™ have emerged as promising candidates. Among these,
Li;La3Zr, Oy, (hereafter referred to as LLZO) garnet stands out
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due to its excellent lithium-ion conductivity (), wide electro-
chemical operation window, and its ability to form stable inter-
faces with many cathode materials®.

Two distinct polymorphs of LLZO have been reported: a tetrag-
onal phase (I4;/acd, Space Group no. 142) with low conductiv-
ity and a highly conductive cubic phase (Ia3d, Space Group no.
230), which is thermodynamically stable above 400-625 K (the
exact value depends on the sample’s impurity level) 67, Tetrag-
onal LLZO exhibits an ordered and fully occupied distribution of
Li* ions. In contrast, cubic LLZO displays a disordered and par-
tially occupied distribution of Li™ ions between two types of Li-
sites: the 24d tetrahedral (T,;) and the 48g/96h octahedral (O;)
sites (Figure[I). As a consequence, the cubic phase’s conductiv-
ity surpasses that of its tetragonal counterpart by about two or-
ders of magnitude at room temperature (RT). Within the Lit
ion percolation network of cubic LLZO, T, sites act as junctions
connecting four neighboring O, sites, while O, sites only share
faces with two Ty sites®20. This suggests that the blocking of

T, junctions significantly impedes the connectivity of the Li* ion
sublattice012,

In recent years, research has focused on various substitution
strategies to stabilize the cubic phase of LLZO at RT. Notable

examples include ion substitutions such as Li* by AP+1213 op
Ga3 +IOIAIIS, 7p4+ by Ta5+16 or BiS+17; as well as La®* by Ca?*,

Sr2+ or Ba2+l8, Moreover, multi-ion substitutions have been
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explored, aiming to stabilize the cubic phase with one dopant,
while utilizing others to fine-tune the Li-molar content, crystal lat-
tice size, and pellet densification™19428 For instance, Kang and
coworkers! shifted the preferred site of AI** from 24d T, to 96h
0, through the addition of Ta>* as a co-dopant in the Zr** site,
reducing the blocking of 24d T, junctions and enhancing Li* dif-
fusivity. Buannic et al.19 employed a dual substitution approach
with Ga3* in the Li* site and Sc3* in the Zr** site, achieving one
of the highest ionic conductivities observed to date (1.8x 1073
S/cm at RT) for the system Lig 55,,Gag.1sLazZr,_,Sc,O1; at y =
0.10. This result was rationalized by arguing that Ga3* stabilizes
the cubic phase, while the presence of Sc3+ (y > 0) prompts an
increase in the Lit content. Moreover, density functional theory
(DFT) calculations and 7! Ga Nuclear Magnetic Resonance (NMR)
measurements indicated that Sc3* contents higher than y = 0.10
enabled preferential Ga3* occupation of 48g/96h O sites over
the 24d T sites. Although Buannic et al. suggested that this shift
negatively impacted ¢ via the obstruction of the Li* percolation
network ™, earlier studies have proposed that preferential dop-
ing on the Oy, sites may actually benefit Li™ diffusion by freeing
T, site junctionsm.

Wb -,
_...---l:b ~
L Y .

' LaOS‘ 210, D Li(T, 24d) C,?Li(oh 48g/96h)

Fig. 1 Crystal structure of garnet-type cubic LLZO (la3d SG 230), with
Li-ions represented by partially green filled spheres to indicate their par-
tial occupancy. La’* dodecahedra and Zr** octahedra are depicted in
gray and blue, respectively. The Li-ion diffusion pathway comprises 24d
tetrahedral (T,) sites coordinated by four 48g/96h octahedral (O}) sites.

From a computational viewpoint, in previous work, we inves-
tigated AI’* and Ga3*/AI’t substitution strategies by assuming
that both cations preferentially occupied T, sites2228. Further-
more, DFT analysis conducted by Buannic et al. on the dual-
doped Ga>*/Sc3* garnet focused on a simplified system contain-
ing only one Ga3* and one Sc3™12, which means that the poten-
tial impact of varying their concentration could not be systemati-
cally explored. Thus, the effect of the Sc3* content, as well as the
impact of Ga3*t distribution between O; and Ty sites, have not
been thoroughly addressed.

In this study, we delve into understanding the effect of Ga*
distribution on Li' ion site occupancies, as well as the impact of
Sc3t co-doping on the Lit dynamics. To achieve this goal, we
combine molecular dynamics (MD) and importance sampling hy-
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brid Monte Carlo simulations, along with a novel material-specific
first principles-based force field developed within this study. This
approach enables us to accurately describe the ion dynamics in
the Lig 55,,Gag.15La3Zr_,ScyOn (Gag.15/Scy-LLZO) system with
y varying from 0.0 to 0.20 at 300K, as originally proposed exper-
imentally by Buannic et al. T2,

In addition, we introduce two new approaches for the post-
processing of MD trajectories in solid electrolyte materials that
exploit available data mining (DM) clustering techniques. The
first approach enables the identification of the fraction of mo-
bile Li* ions that actively contribute to the overall o, providing
theoretical support to recent experimental findings challenging
the conventional assumption that all ions contribute equally to
conduction in garnets2?30. The second method harnesses DM-
clustering to comprehensively characterize the spatial distribu-
tion, site volume, and occupation of diffusive species, which is
a prevalent subject of interest in the literature®136. In contrast
to previous methodologies, the latter approach is a density-based
technique®# that enables the clear separation and identification of
crystallographic sites. This distinction is unattainable with a tradi-
tional density map, primarily due to the overlap of densities from
different crystallographic sites caused by ion diffusion. Further-
more, this method eliminates the necessity for prior knowledge
of the material’s crystal topology or interatomic distances3132135
striking a balance between computational efficiency and accuracy.

The paper is structured as follows. First, the details of the force
field development, our post-processing approaches, and the atom-
istic model for Gag 5/Scy-LLZO are provided. Subsequently, the
calculated ionic conductivity for a set of Gag 15/Scy-LLZO systems
is presented. Finally, the trend in experimental ionic conductivity
is explained based on the analysis of the effect of the Ga3* distri-
bution and Sc3* content on Li* ion dynamics. In contrast to the
previous hypothesis?, our findings reveal that ¢ reaches a max-
imum due to the Ga3* presence in the Oy sites as opposed to the
T, junctions, thereby freeing Li diffusion pathways. Additionally,
the substitution of Zr** with Sc3* results in increased Lit con-
centration and promotes the occupancy of Ga’* in the Oy sites,
both of which are, in principle, positive effects. However, beyond
y = 0.10, the reduction in Li™ vacancies dramatically reduces the
average hopping frequency, negatively impacting the diffusivity
and leading to a progressive decrease in o.

2 Methodology and Computational Details

2.1 Derivation of a first principle-based force field

The interatomic potential energy between atoms in cubic
Gay.15/5¢y-LLZO was calculated using the Coulomb-Buckingham
interatomic potential U;;:

o qi4j
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where € is the vacuum permittivity, |r,- j} is the distance between
atoms i and j, g; and ¢; are their respective charges, and 4;;, B;;
and C;; are the parameters of the Buckingham potential. The
force field parameters were obtained through the force-matching
algorithm®7 implemented in the Potfit code®8. Potfit uses simu-



lated annealing to determine the set of parameters that optimally
reproduces the forces, stresses, and energies from reference data
obtained through ab initio calculations.

The configurations used to develop the force field database
were computed using the plane wave DFT code VASP (version
6.3)32. The Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation functional was employed#? with a cut-off energy
of 520 eV. The Nosé-Hoover thermostat was used to keep the
temperature constant in the canonical ensemble (NVT) for the
ab initio molecular dynamics (AIMD) simulations#!, We used
the 8-formula-unit (Li;La3Zr,O;,) conventional supercell, with
cubic symmetry group Ia3d (Space Group 230). The equilib-
rium lattice parameters of the cell were fixed to the experimen-
tal values reported in the ICSD (CC: 422259) by Awaka et al.©
(a=b=c=129827 A and a = = y = 90°) while the internal
atomic positions were allowed to relax to a force threshold of 0.02
eV A~!. We used a 2 x 2 x 2 I'-centered k-point mesh to sample
the irreducible Brillouin zone.

In order to accurately capture the Lit dynamics and atomic dis-
tribution in the dual-doped Gay ;5/Sc,-LLZO system, 3049 atomic
configurations were selected to build a comprehensive database
from DFT calculations. The atomic configurations encompass en-
ergy minimizations of the ground state at a temperature 7 = 0
K and AIMD in the NVT ensemble at 7 = 900 and 1000 K. The
obtained force field parameters A;;, B;;, and C;; are listed in Table

[

Table 1 Buckingham parameters for Gag,15/Sc,-LLZO. For all atom pairs
not in the table below, A;; = B;; = C;; =0

i—j Aij(eV)  Bi(A 1)  C;;(eVA®)
La>'+-0'4~  11375.241 3.990 30.89
Zr28+.0l4-  1558.116 3.311 0.00
o'4-.0'4-  13215.139  4.519 25.34
Li®7+.0'4=  1028.775 3.985 0.00
GaZ!t-0!4~  11359.299  4.828 0.00
Scx1+.0l4~  1958.566 3.288 0.00

Section S1 of the Supporting Information (SI) provides addi-
tional information about the DFT database and the validation of
the force field. Table S1 outlines the DFT structures within the
database, while Figures S1(a) and S1(b) present a comparison be-
tween predicted and experimental lattice constants (a) and ionic
conductivity of Ga,-LLZO, as a function of x. Additionally, a sim-
ilar comparative analysis for Gay 15/Sc,-LLZO, as a function of y,
is illustrated in Figure a) and (b). In both cases, the force field
matches well experimental values (more details are provided in
the results section). The term %T, denotes the percentage of
Ga’" ions in Ty sites, with the extreme cases 100%T,; and 0%T,
representing all Ga>* ions placed in T, and Oy, sites, respectively.

2.2 Generation of Gay 5/Sc,-LLZO configurations

We employed 3x3x3 LLZO supercells to generate Gag 15/Scy-
LLZO structures, varying (y;);—1..s from 0.00 to 0.20. Specifically,

32 Ga’* and varying numbers of Sc3* ions (0, 11, 22, 32, and
43) were inserted into randomly selected LiT and Zr** sites, re-
spectively. To preserve electroneutrality, two Li* ions per Ga’*
were removed, and one Lit ion per Sc>* was added. This pro-
cedure was iterated 250,000 times, and the lowest energy struc-
ture for each y; was selected for subsequent atomistic simulations.
Additionally, we explored six different distributions of Ga>* ions
among T, and Oy, sites for each Sc3* content.

2.3 Classical MD simulations

Two simulation methods were used: MD and the Generalized
Shadow Hybrid Monte Carlo (GSHMC) method424%  GSHMC
is an importance sampling technique, utilizing modified Hamil-
tonians to achieve high acceptance rates. It partially refreshes
momenta instead of fully resetting them between Monte Carlo
(MC) steps, preserving dynamical information. Integrated into
MultiHMC-GROMACS, a custom modification of the open-source
MD package GROMACS version 4.5.4, GSHMC efficiently han-
dles system equilibration.#24% Meanwhile, plain MD was used for
the production runs, generating 30 ns trajectories with snapshots
saved at 1 ps intervals.

Periodic boundary conditions were considered in all directions.
The cutoff for van der Waals and Coulomb interactions (the lat-
ter evaluated through the particle mesh Ewald method) were set
to 12 and 11 A, respectively. The systems were first equilibrated
for 10 ns in the NPT ensemble using the Parrinello-Rahman baro-
stat4Z (zp = 1 ps) at the target temperature and a pressure of
1 bar. The tunable input parameters in GSHMC (MD trajecto-
ries length (L = 250), time step (Ar = 2 fs), partial velocity up-
date parameter (¢ = 0.1), and the order of the modified Hamil-
tonian (4th order)) were taken from previous works27/2845146]
Moreover, GSHMC was combined with our two-stage-modified
adaptive integration approach (MAIA)48 for modified Hamilto-
nian MC methods, which enables sampling enhancement without
additional computational costs. For the MD production runs, the
standard velocity Verlet integrator was employed with a time step
of 2 fs in the NVT ensemble, and the temperature was controlled
using a velocity rescaling thermostat (77 = 0.1 ps).

2.4 Post-processing Methodology

In this study, we propose a framework to evaluate multiple prop-
erties of the structure and dynamics of the Li* ions in Gag j5/Scy-
LLZO that can be readily adapted for the analysis of other solid
electrolytes.

2.4.1 Ion clustering

To understand the contribution of individual Li* ions to the over-
all conductivity, we clustered them according to their mobili-
ties. This pre-classification also accelerates the calculation of cer-
tain properties, such as correlation factors or Van-Hove analysis,
which may be highly time-consuming.

The clustering process was conducted using the k-means al-
gorithm#? as implemented in scikit-learn®?. To characterize the
mobility of ion i, we calculate its average displacement over the
number of frames with respect to the starting position, < d; >,
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using
L
<d;>=Y ~|ri(jat) = ri(0)], 2
=1/
where r;(¢) denotes the position of ion i at time ¢, Ar is the
timestep, and n is the total number of frames in the trajectory.
Notice that by using < d; > instead of the total displacement of
ion i helps mitigate the potential misclassification of it as a low-
mobility ion. This situation may arise because ion i might acci-
dentally return to a position very close to its initial location by
the end of the simulation, despite covering a significant volume
within the simulation box.
The elbow method was used to define the number of clusters
k (3 in total), which we refer to as Li/, Li;, and Lij. A compre-
hensive description of the ion clustering approach can be found
in Section S2 of the Supporting Information.

2.4.2 Site occupancy and distribution analysis

To characterize the crystallographic sites of diffusive ions, we pro-
posed a new approach building upon the Density-based Cluster-
ing of Trajectories (DCT) method initially introduced by Chen et
al.®4, We enhanced this method by incorporating the Density-
based Spatial Clustering of Applications with Noise (DBSCAN)
algorithm,?! as implemented in the sci-kit-learn library=?. Ad-
ditionally, we modified the algorithm to accommodate periodic
boundary conditions (PBC). Our method offers several advan-
tages, most notably, it requires minimal prior knowledge about
the material’s structure while retaining the capability to dis-
cern atomic sites with diverse geometries. Figure [2| provides an
overview of the key stages forming the proposed DCT methodol-
0gy.

As illustrated in Figure |2} the process commences by construct-
ing a density map of cubic voxels from the MD trajectory, as
shown in the top panel of Figure [2| (a voxel size vI = 0.2 A was
found to provide an adequate resolution for the current system).
Subsequently, a minimum density threshold, p., is introduced to
correctly identify the crystallographic sites through the DBSCAN
algorithm, which uses p > p.,s as a descriptor to classify the vox-
els that will be included into the clustering procedure. Determin-
ing the appropriate value for p., can be intricate. A small p.,
results in connected regions, rendering them unsuitable for dis-
tinguishing the shape and volume of individual sites. Conversely,
an excessively large p., can lead to clusters that are too small,
potentially resulting in the loss of valuable information%.

To address this limitation, we adopt the principle that each site
type should exhibit a similar volume. That is, sites of the same
type should have approximately the same number of voxels. Fol-
lowing this principle, we put forward an iterative process in which
an initial p., is proposed, and those voxels for which p > pey
are clustered (cluster map). Each cluster corresponds to a tenta-
tive crystallographic site. These sites are then clustered based on
their volume (i.e., cluster size), and the level of noise (i.e., the
number of sites that are not successfully assigned to any cluster)
is calculated. If the noise is zero, the selected p., is adequate,
and the tentative sites are assumed to correspond to the actual
crystallographic sites. Otherwise, a higher p.,, is proposed (e.g.,
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in Figure

Once the number and types of sites are established using p.,; as
shown in the bottom panel of Figure[2] the computation of ampli-
tude, occupancy, and the number of neighbors for each site type
becomes a straightforward task. Further details of the method
and validation are presented in Section S3 of Supporting Infor-
mation.

+0.001) and the procedure is repeated as depicted

In doped systems, the presence of dopants can significantly im-
pact the homogeneity of the density map. This, in turn, compli-
cates the task of finding an appropriate p.,, to encompass all the
crystallographic sites. To overcome this complication, we use the
cluster map obtained from the undoped system as our reference
and overlay it onto the density map of the doped system for site
identification and characterization.

2.5 Estimation of transport properties

The self-diffusion coefficient, D*, was calculated from the long-
time slope of the mean-squared displacement, MSD(¢), as®2:

D= limiL§<|r'(I)7r'(0)|2> 3)
~imeedt 6Nt =\ ! ’
where N is the number of diffusing atoms and r;(¢) is as defined
in Eq. 2| The conductivity, o, is related to D’ through the Nernst-
Einstein equation,
_ c(zF)*D*

O~ gTHR )

where z and ¢ correspond to the charge and concentration of
the charge carriers, respectively. Hp is the Haven ratio, kp is the
Boltzmann constant and F is the Faraday constant®?. The Hp
coefficient measures the correlation between the motion of the
ions and is defined as=>3>4

Lo mee g2 () o) .
B0 i XN () = (0] () = 5 0)])

where D° is the "collective" or "conductivity" diffusion coeffi-
cient. If individual ions move preferentially in the same direction,
then Hyp < 1, which is often observed in single ion conductors
at high values of ¢. Under these conditions, ion trajectories are
correlated, and the system dynamics deviate from random walk
behavior®3, We have approximated Hy as the ratio of the short-
time slopes (approximately the first 6% of the trajectory) of the
numerator and denominator, which was shown to offer more re-
liable statistics>>0,

3 Results

3.1 Ga5/Sc,-LLZO ionic conductivity

It has been observed that Ga’>* ions might occupy 24d T, and
48g/96h O, sites depending on the sample preparation and/or
the sample composition122758 In particular, for the case of dual
Ga’t/Sc** doping, Buannic et al.'? demonstrate that Ga>* occu-
pancy of O site increases under co-doping with Sc3*. Thus, for
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each Sc3t content, we evaluate multiple distributions of Ga3t,
ranging from all Ga* ions in T; sites (100%T,) to all Ga3* ions
in Oy, sites (0%T,).

First, we study the extent of unit cell expansion as a function of
both the Sc3* content, y, and the distribution of Ga3* ions in the
T,/0y, sites. To this end, we plot the average lattice constant as a
function of y in Figure 3| (a). The plot shows good agreement be-
tween the calculated and XRD-derived lattice constants (<0.1%
difference), highlighting the accuracy of our force field. Likewise,
the slight increase in the lattice constant with y is in line with
what is expected from substituting Zr** (ionic radius 0.72 A5%)
with a larger ion such as Sc3* (ionic radius 0.75 A5%). We note
that the distribution of Ga3* ions in T,;/0,, sites does not result in
any significant alteration of the lattice constant for any given Sc>*
content. This finding is consistent with earlier computational and

experimental studies 17128/
~
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Fig. 3 Calculated lattice constant, a.,, (a) and ionic conductivity, 0.y,
(b) of Gag.15/Sc,-LLZO as functions of Sc** content (y) for several Ga3*
distributions (%T,) at T = 300 K are denoted with filled circles (error
bars correspond to the standard deviation associated with three repli-
cates). Experimental values for a.y, and 0.y, are included for comparison
in (a) and (b) as empty diamonds1®. The empty circles in (b) represent
the values of Gpyysq as defined in Eq. @

A starkly different picture arises when analyzing Li* transport.
Figure (3| (b) presents the experimental (o,,,, empty diamonds)
and calculated (o, filled circles) ionic conductivities for the
Gay.15/5¢y-LLZO system as a function of y, for several Ga’t dis-
tributions at 300 K. According to impedance spectroscopy experi-
ments, Oy, increases from 1.1x 1073 S/cm for the Sc3* -free sam-
ple to an optimal value of 1.8x1073 S/cm at y =0.10. A further
increase in y leads to a progressive decrease in Oy 19
timates oy, by an amount that depends on %T, and y. This can
be attributed to the presence of impurities®® and grain bound-
aries®? within the real samples, which are not accounted for in
the DFT-based dataset. XRD measurements, on the other hand,
can capture the structure of individual crystallites, which is re-

. O.q OVeres-
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flected in the accuracy of the predicted lattice constant (Figure [3]
(a)).

The calculated conductivities exhibit the following key fea-
tures:

(i) At y= 0.0, o,y increases as %T, decreases, with o,y at
20%T, nearly double that at 100%T,. This result lends sup-
port to the hypothesis that dopants occupying T, sites have
a more significant disruptive effect on the connectivity of the
Li* ion network compared to those occupying Oy, sites10712]
Interestingly, the values of o,,; at 20%T,; and 0%T, are quite
similar, approximately 4.4x 1073 S/cm, suggesting that this
effect reaches a saturation point.

(ii) The value of o,y closest to o,,, at y = 0.0 corresponds to
the 100%T, case. This finding is consistent with previous
experimental reports that have shown Ga’* to preferentially
occupy the T sites in the absence of other dopants12/62[63|
Let us define

Oexp = Ocrystal — Odefects 6

where G,y is the intracrystalline conductivity and oy, fecrs
accounts for the effect of defects (e.g., grain boundaries or
impurities), and is assumed to be independent of y and %T,.
Thus, taking 100%T, as the correct Ga3* distribution for y
= 0 and equating Gcrysa1 1O Ocq1, We ODtaIN Ggefecrs ~ 1073
S/cm. G¢pysiqr is shown as the empty circles in Figure [3| (b),
and is fully within the range of calculated values of conduc-
tivity for all values of y.

(iii) O¢rystqr can be replicated by o, for each y; if we assume the
values for %T, compiled in Table This is in agreement
with the suggestion by Buannic et al.1? that the presence
of Sc3t increases the proportion of octahedrally coordinated
Ga3*, although the precise value for %T, for each y was not
determined in their work.

Table 2 Values of %T, for different y; values.

yi  %Ty
0.00 100
0.05 100
0.10 80
0.15 40
0.20 20

The underlying model in Eq. []is analogous to that of a system
of parallel resistances, which is most certainly an oversimplifica-
tion. However, the shape of the theoretical curves in Figure [3| (b)
suggests that any additive correction to the experimental conduc-
tivities will still produce %T, values that decrease with y.

To understand the behavior observed in Figure (3| (b) and sum-
marized in items (i)-(iii) above, we will employ the methodology
described in Post-processing Methodology in both the Ga-doped
(Gayg.15/Scp 0-LLZO) and Ga/Sc-codoped Gay 15/Scy-LLZO) garnet
systems.



3.1.1 Gay 5/Scy-LLZO clustering and diffusion analysis

Figure @ (a) and (b) depicts the clustering based on the average
displacement < d; > (Eq. (2)) and the corresponding MSDs (Eq.
) for Li* ions within the 100%T, system at T = 300 K. The
three subsets identified through the elbow method, Lif, Li2+ , and
Lij, are differentiated by distinct colors. Analogous trends were
obtained in relation to the remaining Ga’t distributions (80%Ty
to 0%T,).

The MSDs in Figure (b) reveal that the Li; (blue line) and Lij
(cyan line) subsets exhibit normal diffusion behavior (i.e., MSD(¢)
~1). In contrast, the Li* ions in the Li] subset display subdiffu-
sive behavior (MSD(#) ~ t¥ with y < 1), which is typically found
in confined systems®®®. As a consequence, ions in Li] are unlikely
to significantly contribute to the overall conductivity, and should
not be included when estimating o,,; with Eq. @ In most sim-
ulation studies, the calculation of ¢ involves the consideration of
all Li* ions, while the influence of inter-ionic correlations is often
disregarded by assuming that Hg = 1. This approach is generally
acceptable, as the influences of both factors tend to counterbal-
ance each other and produce reasonable predictions. Nonethe-
less, this simplification obscures the mechanisms through which
dopants impact ionic conduction, which is precisely the scope of
this article.

For simplicity, we will merge the high-mobility Li™ ions in sub-
sets Lij and Lij into a new subset denoted Li;, . Likewise, the
low-mobility Li* ions in subset Lij” will be referred to as Lij .
Thus, our estimation of D* and Hy exclusively considers the ions
within the Li) subset. An effective charge carrier concentration,
ff corresponding to that of the Li; subset should, be concomi-
tantly employed in Eq. @ as opposed to the total Li* ion con-
centration. When all Li* ions are considered, and Hp, is taken as
unity, o, follows a rather different behavior to that shown in Fig-
ure [3| (b) (see Figure S7 in the Supporting Information). Recent
experiments by Nozaki et al.“? on Nb-doped LLZO underscore the
significance of ¢*ff in the ionic conductivity, suggesting that as lit-
tle as ~ 10-15% of the Li* ions in this system act as effective
charge carriers.

The three factors determining o, in Eq. , namely ¢ /¢, D’
and Hpg, are depicted as a function of %T, for Gag 15/Scyo-LLZO
in Figure |5l Here ¢*ff/c is the proportion of Lit ions effectively
contributing to the ionic conductivity and c is the total Li™ con-
centration. As shown in Figure |5| ¢*ff/c ranges between ~ 46%
and 56% of the total number of charge carriers, and thus, nearly
half of all available Li* ions are essentially trapped in the sense
that their diffusion paths do not span the entire length of the sim-
ulation box. Moreover, c*ff /¢ decreases by ~ 18% as the amount
of Ga3* ions in Ty sites increases from 0% to 100%, indicating
that ion trapping is mildly impacted by the distribution of dopant
within the Li* sublattice. A similar trend is observed for D*, which
decreases by 34% between 0%T,; and 100%T,.

Hg < 1 (Eq. (B)) is a measure of the degree of correlation
in the motion of ions, with Hg = 1 indicating ideal uncorrelated
diffusion. The Hg values in Figure [5| agree well with those re-
ported by Morgan® in his lattice-gas Monte Carlo simulations of
cubic LLZO with different Li™ contents. For a LiT content of 6.55,
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Fig. 4 Average displacement < d; > (a) and MSDs(¢) (b) for Li* ions in
the Gag 15/S¢co.0-LLZO system at 100%T,; and T = 300 K. The different
subsets of Li* ions (Lifr, Li;r, and Li;r) are represented by green, blue,
and cyan dots (a) and solid lines (b), respectively, while the solid red line
in (b) denotes the total MSDs for all Li* ions (Lij, = Lij + Lij + Li]).
Black dotted lines are obtained by the linear fitting in the log-log scale
identifying the diffusive regime (MSD ~1t).

his Hg values ranged from 0.3 to 0.5. Interestingly, Figure |5| re-
veals a subtle upward trend in Hg as %T, increases, suggesting
that increasing the quantity of Ga’* ions in Ty sites is somewhat
detrimental to collective Li™ ion diffusion.
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From the discussion above, it is clear that the distribution of
Ga’" ions has a mild to moderate impact on the variables con-
trolling the conductivity (D*, Hg and ceff), and always results in
a decrease in ¢ as %T, increases. While single Ga’t ion dop-
ing tends to stabilize the 100%T) structure®3, tuning of the Ga3*
ion distribution can be achieved through co-doping, as we shall
discuss later. First, we will address why ¢ /¢ is so strongly di-
minished by the presence of Ga>* ions.

3.1.2 Gay 5/Scy-LLZO occupancy analysis

The investigation of Li-site occupancy has been undertaken both
experimentally and theoretically in doped and undoped garnet
materials20B134106568]  In this study, we have employed the
methodology described in Figure to calculate the occupancy of
the Li' sites in the simulated systems.

The calculated occupancies for Gag5/Scyo-LLZO are pre-
sented as a function of %T, in Figure [} For comparison, we
have included the experimental occupancies for Ta-doped LLZO
with a similar Li content (~ 6.5 mol)=30/e667, Importantly, the
variable %T, cannot be used for Ta-doping, since Ta** substi-
tutes Zr’>* in LLZO. The occupancies predicted through our clus-
tering approach, combined with the newly developed force field,
match remarkably well the Li-site occupancies in Ta-doped LLZO.
The small differences with experimental results3%66l67| can be at-
tributed to slight discrepancies in the Li molar contents and the
specific dopant used in the experiments (Ta) and our simulation
(Ga).

Figure |§| also shows the average occupancies in the surround-
ings of the Ga3* ions (within a radius of 3.3 10\) in blue. While the
calculated occupancies of T, and Oy, sites are nearly constant, the
average occupancies near Ga>* ions decrease significantly as %T,;
increases. Previous work demonstrated that Ga*/AI** dopants
tend to trap vacancies in their surroundings, leaving their first
nearest neighbor (1NN) shell in the Li-ion lattice largely unoccu-
pied<®. Since Ga3' ions in T, positions have four 1NN Lit sites
(Figure [B](©)) and those in Oy, positions have only two (Figure [6]
(b)), the average occupancy in the vicinity of the Ga3* ion must
naturally decrease as %T, increases. Below, we demonstrate that
these permanent vacancies stabilize low-mobility Li ions at 2NN
and even 3NN positions.
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Fig. 6 Li-site occupancy of Gag 5/Scoo-LLZO as a function of the Ga
distribution %T, at 300 K (a). The black and red dots represent the
occupancy of T; and Oy, sites, respectively, while %T, refers exclusively
to the Ga®" ions. The average occupancy of the sites neighboring Ga’*
ions (within 3.3 A) is depicted as blue dots (a). To provide a comparative
analysis, experimental values for Ta-doped LLZO with Li content 6.5 mol
are included as empty symbols3065%7 |n the bottom panels (b) and (c),
schematic depictions illustrate the coordination shells of Ga* ions in
both 0%T,; and 100%T, systems. Additionally, these depictions include
the identification of the first, second, and third nearest neighbor Li™ sites,
denoted as 1NN, 2NN, and 3NN, respectively. Values in cyan denote the
average occupancy of the site. The crystallographic inter-site distances
are also shown.

Figure 7| displays the average Li-site occupancies as a function
of the distance r from Ga3t ions for the distinct Li subsets Lij,,
and Lij, in the 0%T,; and 100%T, systems. We will refer to this
variable as the radial occupancy, rocc(r). At a given r*, adding
rocc(r*) for Liy, and Lij, yields the total Li-site occupancy at
r=r*. The method to extract rocc(r) departing from the site iden-
tification approach described in Figure |2|is outlined in Section 3
of the Supporting Information. Notice that rocc(r) is qualitatively
similar to the radial distribution function, g(r), as it indirectly
measures the average Li™ ion density with respect to a central
Ga>* ion. However, rocc(r) can readily provide such information
for each identified site type without prior crystallographic knowl-
edge.

Let us consider first the evolution of rocc(r) with r in the 0%T,
system, depicted in Figure|7| (a). The value of rocc(r) up to the
2NN shell of an octahedrally coordinated Ga3* ion, rocc(r < 4
R), is significantly larger for Liy, than for Liy, in the O, sites,
with the former subset accounting for 82% of the total site oc-
cupancy. Referring to the schematic representation in Figure [6]
(b), this means that the 2NN sites are primarily occupied by low-
mobility LiT ions, for which the average displacement over the
course of a simulation run is far below the simulation box length
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Fig. 7 Radial occupancy, rocc(r), of LiT sites around Ga** in Gag 5/Sco.0-LLZO for two Li subsets, Liy, (solid line) and Lij, (dashed line). The two
extreme Ga distributions (a) 0%T, and (b) 100%T, were analysed. The black and red colors denote the occupancy of T, and Oy sites, respectively.
The asterisks represent the distances to the occupied Li" sites illustrated in Figure@ (b) and (c), respectively.

(see Figure[d] (a)): they are effectively trapped. Beyond this point
(r > 4 A), the occupancy of the Oy, sites stabilizes, showing equal
proportions of Li;, and Li,, ions. Interestingly, the Td sites are
preferentially occupied by ions from the Lij,, subset rather than
the Lij,, subset.

For the 100%T, system (Figure (b)), Li* ions in the Li, sub-
set are predominant up to r ~ 4.5 A (for Ty sites) and r~7 A (for
O,, sites). These correspond, respectively, to the 2NN and 3NN
positions represented in Figure [f] (). The XRD-based crystallo-
graphic locations® of these sites in pristine LLZO are indicated
with asterisks in Figure [7| (b). As expected, the distorting effect
of the dopants and thermal vibrations generate the spread on the
peaks observed in the curves (which is also typical in g(r) curves).
The total radial occupancy for each site type around r* is higher
than the average site occupancy in Gag j5/Scoo-LLZO (Figure E]
(a)), which is ~ 0.42 for T; and ~ 0.84 for O, sites.

The above suggests that Ga3* ions doped in T, sites not only
trap Li* vacancies in the 1NN Oy, sites (Figure E] (c)) but also
hamper the mobility of Li* ions within an approximate range of
7 A, as reflected in the high occupancy values for Lij, in the 2NN
and 3NN positions (Figure |7] (b)). In contrast, high Li;,, occu-
pancy only reaches the 2NN at r ~ 4 A for the Ga3* ions doped in
Oy, sites, explaining the progressive reduction in D* with 100%T,
depicted in Figure

Figures|8| (a) and (b) display the density maps of Li,, ions for
the 0%T,; and 100%T, systems, respectively. These maps offer
a clear visualization of the long-range diffusion paths within the
crystal structure. An examination of the number of sites visited
by Li,, ions indicates that the Li™ ion pathways in the 0%T,; and
100%T, systems encompass 70% and 50% of the total number
of Lit sites, respectively. Thus, increasing the fraction of Ga’*
ions in Oy, sites results in a moderate extension of the conductive
network.

So far, we have found that the distribution of Ga3* ions has a
profound impact on the occupancy of the surrounding Li™ sites,
giving rise to discrete islands that do not participate in the diffu-
sion process. The number of sites within these islands increases
as %T, increases, consequently leading to a reduction in effec-

tive charge carrier concentration and diffusivity. Furthermore, as
%T, increases, there is an observed increase in Hg (Figure [5),
which suggests that collective Li™ ion diffusion deteriorates. This
may be due, at least partially, to the circular trajectories followed
by Lit ions as they diffuse around these islands, which results in
a slight reduction in the overall center-of-mass displacement for
collections of locally correlated Li* ions.

In the following section, we will delve into Sc-doping as a strat-
egy to tune the site distribution of Ga3* ions. We will demon-
strate how our force field, in conjunction with our DM-clustering
methodology, can explain the variation of the conductivity (o)
with the parameter y, as depicted in Figure 3 (b).

3.1.3 Gay 5/Sc,-LLZO diffusion analysis

Now that the effect of the distribution of Ga>* ions on the effec-
tive charge carrier concentration, diffusivity, and Li* site occu-
pancy has been described, we address the impact of Sc content
in Gag 15/Scy-LLZO. To this end, we assume the Ga’* ion distri-
butions presented in Table [2) which were adjusted to match the
experimental conductivities reported by Buannic et al.1? follow-
ing the model presented in Eq. [}

While Table [2| reports a progressive decrease in %T,; with y,
which following the discussion above should lead to a concomi-
tant increase in conductivity, the experimental data shows that o
displays a maximum at y = 0.1. To understand the origin of this
discrepancy, Figure[9]displays the specific factors influencing ionic
conductivity, which includes D*, ¢/ (normalized by c(y = 0)),
and Hg, all plotted against y.

D* and c°ff exhibit points of maxima at y = 0.10, while Hg dis-
plays a minimum at this Sc content. While the variations in these
three variables are small, their combined contribution produces
the relatively large maximum in 6*? observed in Figure [3| at y
= 0.10. In particular, the behavior of D* and ¢*ff is starkly dif-
ferent from that depicted in Figure |5|for a constant Ga content
in Sc-free LLZO, which shows that decreasing %T, (as expected
with increasing y) leads to a monotonic increase in these vari-
ables. Therefore, the presence of a maximum in c“? must be
associated with (i) the local effect of Sc>* ions on the Li* ion mo-
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Fig. 8 Density maps of Li, ions in the (010) plane for Gag j5/Sc0-LLZO
with 0%T, (a) and 100%T, (b) at 300K. The remaining orientations
(100) and (001) are included in Section S6 of the Supporting Information.
Ga®* ions are represented as orange spheres. Dashed circles highlight
areas around Ga3* atoms that were not visited by Li* ions during the
simulated trajectory.

bility and/or (ii) the increase in Li* molar content arising from
Sc doping. We evaluate these two possibilities below.

3.1.4 Ga 5/Sc,-LLZO occupancy analysis

For undoped LLZO, the Li-site occupancies are physically limited
t00.333 < T,; < 0.55 and 0.88 < 0, < 1.0©2. These limits change
for doped systems and depend on the Li* concentration, the host
site, and the dopant type”’. For Gag s/Sc,-LLZO, we have de-
rived them as a function of y in Section S5 of the Supporting In-
formation. The allowed occupancies are illustrated in Figure
(a) as the gray (for O, sites) and red (T, sites) shaded areas.
The Li-site occupancies for T, and O, sites in the simulated
Gay.15/5¢y-LLZO systems are depicted in Figure (a) as black
and red dots, respectively. Both site types exhibit occupancy val-
ues that fall well within the established limits, underscoring the
precision of our force field and site identification approach. Multi-
doped systems can be highly locally distorted, and the trapping of
vacancies may make site occupancy estimations difficult without
prior detailed knowledge of the system’s crystallography. Here,
MD trajectories are the only required input. Experimentally de-
termined occupancies for X-doped LLZO systems (X = Ta and Sb)
are included as empty symbols at their corresponding Li-molar
concentrations. For the Oy, sites, the experimental and predicted
occupancies match closely. T, site occupancies tend to display a
more pronounced divergence, especially at a Li-molar content of
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Fig. 9 Calculated self diffusivity D° (black dots left-axis), (reduced)
effective concentration ¢ /¢(y=0) (red dots right-axis) and Haven ratio,
Hg (blue dots right-axis) of Gag,5/Sc,-LLZO as a function of the Sc
content y, following the %T,(y) values presented in Table |2| (error bars
correspond to the standard deviation associated with three replicates).

6.7. This may be partly attributed to the challenges associated
with producing cubic LLZO at high Li-molar contents using small
quantities of a single dopant. In such cases, there is a significant
probability of obtaining a mixture of both tetragonal and cubic
phases28:71

Interestingly, despite the increase in Li* ion content induced by
the addition of Sc3* ions (one Lit per Sc3t), we observe no dis-
cernible alterations in the occupancy of the T, sites. In contrast,
at the Oy, sites, there is a modest but noteworthy increase in oc-
cupancy with y. That is, the Li* ions added to the system through
Sc-doping tend to preferentially occupy Oy, sites.

The average occupancy in the vicinity of the Sc3* ions (within
42 R) is represented by blue dots in Figure (a). It remains
almost constant around the median of the global occupancies of
the two types of LiT sites. Figure (b) presents a schematic
representation of the Li-site coordination shell for Sc>* ions, with
the corresponding occupancy values for the six INN O;, and 2NN
T, sites. Both the 1NN O;, and 2NN Tj sites exhibit occupancies
(0.85 and 0.45, respectively) that closely match the global val-
ues associated with their corresponding site types. Notably, these
values remain consistent across all Sc contents, supporting the
claim that Sc-doping does not exert a substantial effect on the
crystalline structure, as indicated in Figure (3| (a).

The occupancies associated with the Li subsets Liy,, and Lij,, are
also included in Figure (b) with the labels -hm and -lm. For
2NN Ty sites, both low and high-mobility Li™ ions exhibit similar
occupancy values (0.21 for -hm and 0.24 for -lm). This observa-
tion indicates that there is no discernible effect of Sc-doping on
the mobility of Li™ ions at these sites. In contrast, when exam-
ining the 1NN O, sites, we observe distinct occupancy values for
Lij,, and Lij,: 0.31 and 0.54, respectively, suggesting that Sc*
ions reduce the mobility of Li™ ions within its 1NN Li-site shell.
This can be attributed to the fact that the substitution of Sc3*
into the Zr** sites leads to a reduction in the site charge, thereby
reducing the Coulombic repulsion between Sc* and Lit ions in
1NN O, sites. Therefore, reduced mobility areas around Sc>* ions
form as y increases, but the range of this effect is limited.

On the other hand, increasing the Sc3* content increases the
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Li-molar concentration and reduces the number of available va-
cancies. To gain a deeper insight into how reducing lithium va-
cancies affects D*, we have calculated the average inter-site jump
frequency, , as follows:

_ <dy>
Co<dy >t 7
where
1 N n
<dp>=g Y Y 1r((i+ DA —r(jnn)], (8)

i=1j=1

with n, N and Ar as defined in Eq. [2] and Eq[3] respectively.
Specifically, < d; > denotes the average distance traveled by Lij,,
ions (adding all the absolute displacements), while < d; > is the
average distance between adjacent T, and Oy, sites (~2.5 A), and
t is the simulation time. Note that subdiffusive Li;, ions are not
accounted for, as they were not considered in the calculation of
DS. Figure shows the behavior of k against y. Clearly, k de-

creases with increasing Sc>* content, with a steeper drop below
y = 0.10.
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Fig. 11 Jump frequency, k, of Liy, ions for Gag.15/Sc,~-LLZO as a function
of the Sc content y, following the %T,(y) values presented in Table

With these elements at hand, we can now explain the maxi-
mum D* that was observed in Figure[9} There are two competing
mechanisms coming into play here. On the one hand, the in-
crease in the amount of Ga3* ions in O, sites tends to boost D*.
On the other hand, the decrease in the number of vacancies has a
detrimental effect on the jump frequency, leading to a reduction
in D*. The former mechanism prevails for y < 0.10, while the sec-
ond one dominates for y > 0.10. Likewise, for Hg, the presence of
Ga** ions in Oy sites tends to increase collective Lit ion diffusion
(i.e., reducing Hg), while the lower vacancy content causes the
LiT ions to retrace their path more often, diminishing collective
displacement and consequently increasing Hg. The combined ef-
fect of these two variables (and to a lesser extent that of ¢¢//,
which displays milder variations as shown in Figure E[), gener-
ates the behavior reported for the experimental conductivity1?
depicted in Figure

4  Conclusions

In this work, we have introduced and applied a DM-clustering
method along with an in-house, material-specific force field com-
bined with our advanced sampling techniques to investigate the
dynamics of Li* ions in dual-doped Gag 1s5/Sc,-LLZO. The pro-
posed DM-based approach can be easily adapted to the analysis
of MD trajectories for other solid electrolytes, allowing the iden-
tification of site occupancies, active diffusion paths, and high-
mobility charge carriers that effectively contribute to ionic con-
duction. The impact of multi-doping strategies on these variables
can then be systematically addressed from a theoretical viewpoint
following the framework presented in this work.

By initially analyzing Sc3*-free, Gag15/Sco-LLZO, we found
that it is possible to enhance the ionic conductivity (o) by in-
creasing the proportion of Ga3* ions occupying octahedral (O;)
LiT sites, in contrast to the thermodynamically favored tetrahe-
dral (T;) LiT sites typically preferred in single Ga-doping sce-
nariost 12 A comprehensive analysis of Li-site occupancy, con-
ducted through our DM-clustering methodology, revealed the
structural underpinnings of this observation. Ga3* ions located
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in T, sites have been shown to reduce the mobility of Li* ions in
both the 2NN T,; and 3NN Oy, sites, aligning with earlier findings
based on radial distribution function analysis2Z. In contrast, Ga3*
ions in Oy, sites only have a detrimental impact on ionic mobility
up to the 2NN Oy, sites.

Previous DFT simulations showed that co-doping with Sc>+ at
the Zr** site promotes the formation of octahedrally coordinated
Ga’* ions1? thus reducing the proportion of Ga** in T, sites
(%T,). By combining atomistic simulations of Gag 5/Scy-LLZO
(0 < y < 0.20) with available experimental datal?, we verified
that %T; is likely to decrease with increasing Sc3t content, and
provided predictions for %T, as a function of y. Notably, decreas-
ing %T, through the incorporation of Sc>* ions does not lead to
a monotonic increase in o (which was found to be the case for
single Ga-doping at the corresponding %T, values), but leads to
a maximum at y = 0.10.

We found that the Sc3* ions do not considerably influence the
mobility of LiT ions in their immediate vicinity. However, adding
Sc3t increases the Li-molar content and reduces the number of
vacancies in active diffusion paths. This produces a reduction
in the inter-site jumping frequency, k, negatively impacting the
diffusivity, D°. The competing effects on ¢ of a decreasing %T,
and a decreasing k lead to the observed maximum in conductivity.
We stress that o is not only a function of D*, but also depends
on the effective concentration of charge carriers (c¢/7) and the
Haven ratio (Hgr). Nonetheless, D* was found to be the variable
most considerably impacted by y in this particular system.

Finally, this work shows that substitutional doping in the O,
sites of cubic LLZO remains a viable strategy for enhancing ionic
conductivity. Moreover, co-doping strategies promoting Ga3* ion
occupation of Oy, sites without the concomitant loss of active va-
cancies may be a promising avenue to further increase the perfor-
mance of LLZO-based solid electrolytes.
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