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nic transport in perovskite
lithium-ion conductor Li3/8Sr7/16Ta3/4Hf1/4O3:
a neutron diffraction and molecular dynamics
simulation study†

Danyi Sun,a Nan Wu,a Yeting Wen,a Shichen Sun,a Yufang He, b Ke Huang,b

Cheng Li, c Bin Ouyang, *b Ralph Whitea and Kevin Huang *a

Solid-state Li-ion electrolytes (SSEs) are essential for the development of next-generation solid-state Li-metal

batteries and new Li-extraction electrochemical cells. Among these, the perovskite-type SSE

Li3/8Sr7/16Ta3/4Hf1/4O3 (LSTH) has garnered attention for Li-extraction applications, owing to its

outstanding chemical and thermal stability and high ionic conductivity. However, its precise crystal

structure and Li-ion transport mechanisms remain insufficiently understood. This study addresses these

gaps by employing neutron diffraction to resolve LSTH's crystallography and machine learning force field

(MLFF) based MD simulations to elucidate ionic transport mechanisms. A single-phase LSTH, synthesized

via the sol–gel method, exhibits a room-temperature bulk conductivity of 0.418 mS cm−1 and a relative

density of 98%. Neutron diffraction reveals 2.625 Li vacancies per unit cell, with the remaining 0.375 Li

occupying the unconventional Wyckoff position (24k), different from the traditional A-site position (1a) of

regular perovskites. This unique crystallography suggests a “zig–zag” Li-ion migration pathway via

vacancies. However, MLFF based MD simulations suggest that Li ions at (24k), compared to (1a)

occupancy, have limited mobility due to strong Li-vacancy ordering at low temperatures, leading to higher

activation energy barriers and lower ionic conductivity. These findings underscore the critical influence of

Li-site occupancy on ionic conductivity and provide structural insights for designing high-conductivity SSEs.
1. Introduction

To increase the energy density of lithium-ion batteries (LIBs),
replacing the graphite anode with lithium metal is an attractive
option, as lithium offers a much higher theoretical capacity of
3840 mA h/g.1 However, the practical use of lithium anodes is
hindered by substantial reactions with liquid electrolytes,
forming resistive interfacial phases,2 and attack of lithium
dendrites, causing short circuiting.3 Solid-state electrolytes
(SSEs) present a potential alternative to conventional liquid
electrolytes to resist interfacial reactions and dendrite growth,
thus mitigating cell failure.4 In addition, SSEs exhibit greater
thermal and chemical stability, allowing batteries to operate
over a wider temperature range and in harsher environments.5,6

Among these, perovskite-type electrolytes attract attention due
versity of South Carolina, Columbia, SC

Florida State University, Tallahassee, FL

n, Oak Ridge National Laboratory, Oak

tion (ESI) available. See DOI:

10224–10231
to their excellent chemical and structural stabilities in ambient
environments and aqueous solutions over a broad pH range (1–
13), making them also attractive as a membrane for Li extrac-
tion from brine and seawater.7 However, their synthesis, crys-
tallography, ionic transport, and potential applications remain
relatively underexplored.8–11

Perovskite oxides exhibit a specic crystal structure, typically
described by the formula ABO3, where “A” and “B” are cations of
different sizes. Li3/8Sr7/16Ta3/4Hf1/4O3 (LSTH) has recently been
identied as a promising perovskite-type Li-ion conductor.8–10

In LSTH, lithium (Li) and strontium (Sr) are conventionally
considered A cations occupying site (000), tantalum (Ta) and
hafnium (Hf) are deemed B cations occupying the site (111) and
O occupies the site (110).10,11 However, whether Li in LSTH
occupies the traditional A site is still in question due to its much
smaller ionic radius and stronger interactions with O atoms
than other A cations.10 Until now, there is no direct crystallo-
graphic evidence showing that Li indeed occupies the tradi-
tional A site. Furthermore, the crystal structure of LSTH is only
explored by X-ray diffraction (XRD) so far, which cannot provide
accurate crystallographic information on light Li atoms.8,12,13

The small electron shell of Li (the 3rd element in the periodic
table) interacts weakly with the charged X-ray, thus reducing the
This journal is © The Royal Society of Chemistry 2025
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accuracy in determining the position of Li atoms. In contrast,
neutrons interact with the nucleus of an atom, instead of elec-
trons, thus capable of providing more accurate crystallographic
information than XRD, especially for lighter atoms.14 Therefore,
neutron diffraction is a technique better suited for determining
the crystal structure of LSTH with high accuracy.

In this study, we employ the POWGEN neutron diffraction
facility at Oak Ridge National Laboratory to determine the
crystal structure of LSTH. With the high accuracy crystallo-
graphic data, we further conduct ab initoMD (AIMD) and MLFF
based MD simulations to understand LSTH's ionic transport
properties.15 MLFF based MD simulations are capable of
revealing possible ionic pathways, analyzing the effect of the
state of ordering on ion migration, and calculating ionic
conductivity and energy barriers, thus making them
a commonly used theoretical method to understand funda-
mentals of ion transport phenomena.16–18

In addition, we also explore the synthesis of LSTH using
a sol–gel method in this study, aiming to further lower the
sintering temperature/time and achieve a better bulk density,
ionic conductivity and homogeneity compared to conventional
solid-state reactions (SSRs).9,19–22 Previously, we have systemat-
ically investigated SSR conditions, e.g., excess Li, mother
powder bed (MPB) protection and sintering temperature, to
yield single-phase LSTH.9 We concluded from this early study
that as long as MPB is used and the sintering temperature is
$1450 °C, single-phase LSTH can be obtained without excess Li.
Here we show how sol–gel derived LSTH powder lowers the
sintering temperature and duration to achieve a single phase
while increasing bulk density and ionic conductivity with the
use of the MPB technique.

2. Results and discussion
2.1 Sol–gel synthesis of LSTH

For the rst time, LSTH was synthesized using a sol–gel method
to lower both the sintering temperature/time and increase bulk
Fig. 1 (a) XRD patterns of LSTH synthesized from sol–gel synthesis at diff
1400 °C; (c) Arrhenius plot of bulk ionic conductivity.

This journal is © The Royal Society of Chemistry 2025
density and conductivity. Fig. 1(a) shows that a single phase
LSTH can be achieved at 1400 °C for 6 hours, in comparison to
1450 °C for 10 hours with the SSR-derived sample.9 Fig. 1(b)
further shows the dense microstructure of the sol–gel derived
LSTH, with 98% of theoretical density measured by Archimedes'
method. The Arrhenius plot of bulk ionic conductivity in
Fig. 1(c) indicates an activation energy of 0.350 eV, which is
comparable to that of LSTH prepared with SSR, hot pressing
and spark plasma sintering.9,12,23,24 Table 1 summarizes bulk
conductivity and density as a function of sintering temperature
for easy comparison.

It is worth mentioning that there is no clear grain boundary
(GB) contribution to the total resistance in LSTH, which is in
stark contrast to La0.56Li0.33TiO3 (LLTO) systems exhibiting
signicantly higher GB resistance.25 Fig. S1† shows an example
of the electrochemical impedance spectrummeasured from the
sol–gel derived LSTH. We have also observed the same grain-
boundary free phenomenon in LSTH made by the SSR.9

The chemical composition of the synthesized LSTH was
analyzed by ICP. The normalized data are shown in Table S1.†
The actual composition of the synthesized sample is Li0.34-
Sr0.42Ta0.75Hf0.24O3, which is very close to the nominal compo-
sition of Li3/8Sr7/16Ta3/4Hf1/4O3.
2.2 Crystal structure of LSTH

The neutron diffraction pattern and Rietveld renement of
LSTH are shown in Fig. 2. During the renement, the occu-
pancies of Hf, Ta and O are xed at 0.25, 0.75 and unity,
respectively, whereas the occupancies of Sr and Li are allowed to
vary. Positions with lower site symmetry are tested rst, but they
produce poor tting quality and are therefore disregarded.
Atomic displacement parameters (ADPs) are rened for all the
positions, apart from Li, as the Li ADP shows a strong correla-
tion with both the Li atomic positions and the Li site occupancy.
Therefore, Biso for Li was xed at 1 Å2. The nal atomic positions
rened are listed in Table 2.
erent temperatures for 6 hours; (b) microstructure of LSTH sintered at

J. Mater. Chem. A, 2025, 13, 10224–10231 | 10225
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Table 1 RT bulk ionic conductivity, bulk density, and relative density of
the synthesized LSTH

Sintering
temperature (°C)

RT bulk conductivity
(mS cm−1)

Density
(g cm−3)

Relative
density (%)

1100 0.269 6.58 93.2
1200 0.316 6.84 97.2
1300 0.383 6.77 96.1
1400 0.571 6.91 98.0

Fig. 2 Neutron diffraction pattern and Rietveld refinement of LSTH.

Table 2 Atomic positions and occupancies of each element in LSTHa

x y z Occupancy U11 (Å
2) U22 (Å

2) U33 (Å
2)

Li 0 0 −0.396(5) 0.052(6) 0.13 =U11 =U11

Sr 0 0 0 0.425(3) 0.0031(1) =U11 =U11

Ta 0 0 0 0.75 0.0033(1) =U11 =U11

Hf 0 0 0 0.25 0.0033(1) =U11 =U11

O 0 0.5 0.5 1 0.0039(2) 0.0215(2) =U22

a The value in parentheses represents the error value; for instance, the
lattice parameter of the renement has an uncertainty of 0.0001 Å.
Temperature factors are the Unn.

Table 3 Lattice parameters and R factors for LSTH

Parameter Value (error)

Temperature (K) 298 K
Space group Pm�3m
a (Å) 3.9892 (1)
b (Å) 3.9892 (1)
c (Å) 3.9892 (1)
a (°) 90 (0)
b (°) 90 (0)
g (°) 90 (0)
V (Å3) 63.4829 (1)
Rp (%) 5.7
Rwp (%) 4.6
Rexp (%) 2.2
GOF 2.1
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For LSTH, changing the atomic displacement factor of O
from isotropic to anisotropic leads to an improvement in the
tting quality, with weighted prole R-factor (Rwp) reduced from
6.8% to 5.0%. For other atomic sites, isotropic ADPs are used,
and the nal renement converges with Rwp = 4.6%. Table 3
lists the lattice parameters as well as renement reliability.

The renement shown in Fig. 2 suggests that the sample is
well-crystallized, single-phase, and indexable to the Pm�3m space
group. The rened crystallographic data are summarized in
Table 2, based on which the crystal structure of LSTH is
reconstructed using CrystalMaker and shown in Fig. 3(a). The
rened lattice parameter of LSTH is 3.9892 (1) Å, which agrees
well with the reported 3.991 Å in the literature.10 The rened
displacement parameters of O are highly directional, pointing
toward the nearest neighboring Li positions. This anisotropic
10226 | J. Mater. Chem. A, 2025, 13, 10224–10231
atomic displacement is due to the strong local Li–O attraction,
pulling O away from its high-symmetry position. These rene-
ment results are also consistent with the expected chemical
stoichiometry of LSTH.

Notably, Li, instead of occupying the Sr position at site (1a),
occupies the (24k) site between two oxygen atoms located at the
edge of the unit cell. In addition, O atoms do not reside at the
typical face center position (0, 1/2, 1/2) but at a different posi-
tion, suggesting a locally distorted tetrahedral coordination due
to the strong Li–O interactions. A displacement of the B-cation
could occur due to the altered O coordination, but our rene-
ment does not show any signicant improvement with addi-
tional degrees of freedom, suggesting no clear evidence for this
displacement. This new Li-occupancy suggests a Li migration
pathway different from the conventional “linear pathway”
through two O atoms in the perovskite structure. Instead, we
think that Li migrates in a “zig–zag” pattern (see Fig. 3(b)).
Within this ionic transport model, fast Li migration is likely
favored when Li vacancies are present.

The occupancy of Li at the edge site (24k) offers more Li
vacancies per unit cell than the conventional (1a) site since Li is
no longer sharing sites with Sr (see Table 4). In such a perov-
skite structure, Li migrates by hopping over vacancies. However,
as revealed by the followingmachine learning force eld (MLFF)
based MD simulations, the high concentration of Li-vacancies
leads to ordering in the lower temperature regime, thus
lowering conductivity.

2.2.1 DeePMD simulations of LSTH. To understand the
ionic conductivity observed in the experiment, we chose to
investigate the inuence of structural disorder and Li-site
occupancy via MLFF based MD simulations. Two types of
disorders were considered in the simulations: the electrostatic
ground-state (ESGS) and the special quasi-random structure
(SQS). The ESGS structure is generally regarded as a useful
approximation for short-range order state in ionic
compounds,26–28 while the SQS structure approximates a fully
random state (fully disordered).27,29–31 The ESGS structures are
generated by minimizing the Ewald summations of all ions.
This can be done using packages such as pymatgen.32 The SQS
structures29 are generated by minimizing the difference
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Unit cell structure of LSTH (yellow ball represents Li); (b) a possible Li migration pathway in LSTH.

Table 4 Composition of LSTH at different Li sites

Li site Composition
Li occupancy
per unit cell

Li vacancy per
unit cell

1a (Li3/8Sr7/16,3/16)Ta3/4Hf1/4O3 1 (8 × 1/8) 0.1875
24k (Li3/8,21/8)Sr7/16Ta3/4Hf1/4O3 3 (12 × 1/4) 2.625

Fig. 4 (a–d) LSTH perovskite structures based on four different Li occupa
based MD simulations for ESGS (e) and SQS (f) LSTH. Black arrows mark t
predicted ionic conductivity at room temperature (298 K) through linear

This journal is © The Royal Society of Chemistry 2025

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 1

:4
3:

41
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
between cluster probability with the random limit, which can be
done using packages such as ATAT.33 The two types of Li
occupancies, e.g., Li occupying (1a) and (24k) sites, are consid-
ered in the simulations, which yield four types of structures
shown in Fig. 4(a)–(d). AIMD simulations are performed to
generate enough trajectories for training the MLFF using the
ncies; (e–f) the simulated Arrhenius plot of Li-ion conductivity in MLFF
he temperatures at transition points. The red pentagrams represent the
extrapolation.
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Table 5 Room temperature ionic conductivities (s298K) and activation energies (Ea) of LSTH for four different Li occupancies obtained fromMLFF
based MD simulations

Li site Li@1a (ESGS) Li@24k (ESGS) Li@1a (SQS) Li@24k (SQS)

Ea (eV) 0.22 (298–600 K) 0.55 (400–700 K) 0.23 (298–600 K) 0.43 (328–700 K)
0.11 (600–1500 K) 0.11 (700–1500 K) 0.05 (600–1300 K) 0.15 (700–1500 K)

s298K,DeePMD (mS cm−1) 3.73 — 3.24 —
s298K,predict (mS cm−1) 4.05 0.0038 4.16 0.031

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 1

:4
3:

41
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
DeePMD package. As is shown in Fig. 4(e)–(f), the MLFF based
MD simulations yield a non-Arrhenius transition for all four
types of structures.

For ease of comparison, the structures were grouped based
on their disorder state while varying site occupancy. Fig. 4(e)
illustrates the impact of Li occupancy for ESGS structures,
whereas Fig. 4(f) highlights the impact of Li occupancy for SQS
structures. In both cases, structures with (1a) occupancy exhibit
higher conductivity at low temperatures but lower conductivity
at high temperatures than those with the (24k) occupancy. The
non-Arrhenius transition is observed for all four structures in
the temperature range of 600–700 K; detailed activation barriers
and ionic conductivities are summarized in Table 5.

An interesting observation of conductivity in Fig. 4 is the
“kink” behavior at 700 K for (24k) site occupancy and 600 K for
(1a) site occupancy, respectively. This is likely caused by
a potential disorder-to-order (2nd order) phase transition as the
temperature decreases, i.e. the Li lattice becomes more ordered,
due to high concentrations of Li-vacancies (see Table 4). Such
an “order-disorder” transition is a common phenomenon for
Fig. 5 The visualized lithium probability density within the iso-surface (lig
(a and e) Li@1a (ESGS), (b and f) Li@24k (ESGS), (c and g) Li@1a (SQS), a
dominated diffusion direction of lithium ions.

10228 | J. Mater. Chem. A, 2025, 13, 10224–10231
ionic conductors.34–36 Additionally, the highest AIMD simula-
tion and MLFF based MD simulation temperature is 1500 K. It
can be inferred from our simulation that the system did not
undergo amorphization even aer 200 ps, implying reasonable
thermodynamic stability at high temperature. To further iden-
tify the stability of LSTH, we have calculated the energy above
hull of all congurations of LSTH based on a compositional
phase diagram.37 It is as low as 50 meV/atom, taking HfO2,
Sr2Ta2O7, SrTa2O6, and SrLi2Ta2O7 as the competing phases.
Such energy above the hull value is comparable to many good
oxide-based ionic conductors,37,38 which also reveals the
reasonable stability of our evaluated compounds.

The mean square displacement (MSD) of Li ions and Li
probability density distributions are illustrated in Fig. S2–S5†
and 5, respectively. The ESGS structure exhibits signicant
anisotropic diffusion, with diffusion along the ab-plane and c-
axis dominating in Li@1a (Fig. S2†) and Li@24k (Fig. S3†),
respectively. However, due to the more disordered structure, the
SQS conguration exhibits isotropic diffusion, with similar
contributions from all three directions in Li@1a (Fig. S4†) and
ht yellow color) of LSTH obtained fromMLFF based MD simulations for
nd (d and h) Li@24k (SQS) at 500 K. Red dashed arrows represent the

This journal is © The Royal Society of Chemistry 2025
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Li@24k (Fig. S5†). Note that the diffusion pathway is relatively
insensitive to temperature from the MSD component contri-
butions between 500 K and 900 K. The possible Li migration
pathways as Li probability density distributions of the four
structures are further illustrated in Fig. 5, which depicts
anisotropic Li diffusion in ESGS and isotropic Li diffusion in
SQS. Overall, there is very little difference in overall ionic
conductivity between ESGS and SQS. The major difference is
that the Li diffusion in the ESGS structure is more anisotropic,
whereas it is more isotropic in SQS.

It is important to point out that the extrapolated ionic
conductivity at 298 K from MLFF based MD simulations is
much higher for the (1a) site and lower for the (24k) site than
the experimental value (0.571 mS cm−1) (see Table 5). The
closest match between the calculated and experimental values,
i.e. 0.031 vs. 0.571 mS cm−1, is observed for the (24k) site in the
SQS structure (disordered). The activation energy derived from
experiments (0.35 eV) is relatively close to the MLFF based MD
predicted value for the (24k) site in the SQS structure (0.43 eV).
The disagreement between theoretical and experimental data is
common in the literature, particularly for oxides,39,40 reecting
the need to further improve theoretical models.

3. Conclusion

Single-phase LSTH perovskite-type electrolytes with a high bulk
ionic conductivity and relative density have been successfully
synthesized via a sol–gel method. To facilitate the under-
standing of ion transport, we apply a combined experimental
and theoretical approach, i.e. neutron diffraction for crystal
structure analysis and MLFF based MD simulations for ion
transport. Neutron diffraction, with its high sensitivity to Li,
reveals that Li primarily occupies the Wycoff position (24k),
rather than the commonly perceived conventional (1a) site, with
abundant Li-vacancies within the lattice. The unique Li occu-
pancy at the (24k) site creates a “zig–zag” pathway for Li-
migration. MLFF based MD simulations further suggest that
Li-occupancy at (1a) yields a higher conductivity than the (24k)
occupancy in the low temperature regime. One plausible reason
is that the high concentration of Li-vacancy in the (24k) model
becomes easily ordered over long ranges at lower temperatures,
thus signicantly limiting the mobility of Li-ions.

4. Experimental section
4.1. Sol–gel synthesis of LSTH

LSTH was synthesized via a sol–gel method. Citric acid (Sigma-
Aldrich, 99%) and acetylacetone (FisherScientic, 99%) were
chosen as chelating agents. The molecular weight ratio of total
metal ions, citric acid and acetyl acetone is 1 : 2 : 1. The stoi-
chiometric amount of LiNO3 (0% excess Li) (FisherScientic,
99%), Sr(NO3)2 (FisherScientic, 99%) and 0.4 M citric acid were
dissolved in 50 ml DI water. The pH of the aqueous solution was
adjusted to 2 with HNO3 (Sigma-Aldrich, 70%) under vigorous
stirring. Stoichiometric amounts of Hf(OEt)4 (FisherScientic,
99.9%) and Ta(OEt)5 (Sigma-Aldrich, 99.98%) were dissolved in
ethanol (99.9%) and acetylacetone. A pure organic solution with
This journal is © The Royal Society of Chemistry 2025
low water content was necessary to avoid the hydrolysis of metal
ethoxides. The ethanol solution was heated to 100 °C and stirred
vigorously until the solution was clear. The organic solution was
then added into the aqueous solution drop by drop at 200 °C and
stirred vigorously. The resultant solution was then transferred to
a zirconia crucible and heated at 120 °C in a furnace overnight.
The dry gel was calcined at 400 °C for 6 hours in amuffle furnace.
The resulting powder was nally mixed with 3 wt% of PVB,
pelletized and sintered at various temperatures for 6 hours in
a muffle furnace covered with 200 wt% of mother power bed. The
ionic conductivity data were obtained by electrochemical
impedance spectroscopy (EIS) with a Solartron 1255 frequency
response analyzer within a frequency ranging from 1M Hz to 100
Hz and 10 mV AC perturbation. The density of LSTH was
measured via Archimedes' method.

4.2. Neutron diffraction and Rietveld renement

Neutron diffraction data were collected using a POWGEN
diffractometer at the Spallation Neutron Source, Oak Ridge
National Laboratory. Approximately 0.6 g of the sample was
loaded into a 6 mm diameter cylindrical vanadium sample can.
Data were collected for approximately 3 h in high-resolution
mode, using a center wavelength of 0.8 Å covering the d space
from 0.25 Å to 7.0 Å. For the Rietveld analysis, the peak prole
was described using a convolution of a Gaussian peak shape
and a GSAS back-to-back exponential peak shape accounting for
asymmetry. The peak prole was obtained by rening a SRM Si
640d.29 Renement was carried out using TOPAS 6.30

4.3. AIMD simulations

The diffusion behavior of Li-ions in LSTH is rst investigated by
DFT calculations implemented in the Vienna Ab initio Simula-
tion Package (VASP). We employed the Perdew–Burke–Ernzer-
hof generalized gradient approximation (GGA-PBE) to
approximate the exchange–correlation functional for LSTH, as
it has been shown to provide reliable results for superionic
conductors while balancing computational cost and accuracy.
GGA-PBE has been widely used in various superionic conduc-
tors, including Li-thiophospate,41–43 Na-thiophospate,44

rocksalt-type oxides,38 and NASICON.45 Given its demonstrated
effectiveness across these diverse superionic conductors, GGA-
PBE was selected for LSTH structure calculations to ensure
both calculation efficiency and accuracy. In addition, single k-
points at the G point and a plane-wave kinetic energy cutoff of
520 eV were used for AIMD simulations. AIMD simulations with
an NVT ensemble are performed for the unit cell of LSTH (154
atoms) with a timestep of 2 fs, and the Nosé–Hoover thermostat
is used to control the temperature. All AIMD simulations were
run for 160 ps to get sufficient diffusion behaviors. The AIMD
simulation results are performed at ve temperatures, e.g., 800
K, 900 K, 1000 K, 1200 K and 1500 K. These trajectories are also
used for training the machine learning force elds.

4.4. Deep learning potential

The deep learning potential was developed using the deep
neural network method implemented in DeePMD-kit (v2.2.7).
J. Mater. Chem. A, 2025, 13, 10224–10231 | 10229
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The structures in the training dataset were provided by AIMD
simulation, with 80% of structures randomly selected for
training and the remaining 20% for validation. The neural
network architecture consisted of an embedding network with
{5, 10, 20} neurons and a tting network with {240, 240, 240}
neurons. A cutoff radius of 6 Å was chosen, and the total
number of training steps was set to 106, with all other param-
eters set to their default values. The se_e2_a descriptor was used
for training the force eld. To ensure the reliability of the ML
potential, we included the training and validation models.
Additionally, we tested a more complex descriptor, se_e3, and
found that it did not signicantly alter the observed trends,
conrming the accuracy and robustness of the chosen
descriptor.
4.5 Machine learning force eld molecular dynamics
(MLFF-MD) simulations

The molecular dynamics simulations were performed using
LAMMPS soware based on themachine learning force eld. To
ensure the convergence of diffusivity at different temperatures,
the MLFF-MD simulations were run for 200 ps at 600 # T #

1500 K, 1 ns at 400 # T < 600 K, and 10 ns at 298 # T < 400 K.
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The data supporting this article have been included as part of
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