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Fig. S1. a Neutron structure factor, Sx(Q), comparison from MD simulations (using the present MLIP)
and neutron scattering experiments' for glassy LisPSs. The inset shows the X-ray structure factor,

Sx(Q), comparison with X-ray scattering experiments'. b Comparison of simulated and experimental

neutron structure factor Sy(Q). Experimental and other MLIP-calculated Snv(Q) were obtained from

Refs!2. Source data are provided as a Source Data file.
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Fig. S2. Atomic snapshots of B-Li3PS4 (a,b) and glassy Li3PSs4 (¢) electrolyte configurations. Lil and
Li2 are lithium sites located at the centers of Li-S tetrahedra and octahedra, respectively. Li3 is a
tetrahedral interstitial site, while 12 and i3 are octahedral interstitial sites. The snapshots are captured
from localized regions within the final relaxed configurations in the MD simulation using the present
MLIP.
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Fig. S3. Gaussian density distribution projections of P and S atoms in the 2D plane for glass-ceramic
Li3PS4 (a), glassy Li3PS4 (b), and B-Li3PS4 (¢) electrolytes.
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Fig. S4. a Amorphization distribution of the constructed glass-ceramic with varying crystalline
content along the y-axis. The gray span highlights the internal interface between the ordered and
disordered phases. b Width of interface area. Source data are provided as a Source Data file.
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Fig. SS. Partial radial distribution functions gij(r) of all atomic pairs in the simulated glassy, -, and
glass-ceramic Li3PS4 electrolytes using the present MLIP. Source data are provided as a Source Data
file.
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Fig. S6. Voronoi volume of lithium atoms in simulated Li3PS4 electrolytes using the MLIP: (a) density
distribution and (b) violin plot. (¢) Voronoi volume distribution of four-fold and six-fold coordination
lithium atoms. (d) Averaged volume of four-fold coordinated lithium atoms in simulated glassy Li3PSa4,
B-Li3PS4, and glass-ceramic LizPS4 electrolytes. Source data are provided as a Source Data file.



800 167Li,S — 33P,5s@ Psi- 1 70Li»S — 30P,Ss leee © ¢ o
£ 600 - ® |l o0 e © o |
E P,S4- L
(@) .
et o @ e Y | ) —
8 400 ° ® : S 8 - 751’.1’25 25P255
£ [ ] [ ®
3 2001 je® @ I
® o0 [ e o
0 L 1 1 1 L 1 1 1 L 1 1 |
0 2 4 0 2 4 0 2 4
Pressure (GPa) Pressure (GPa) Pressure (GPa)

Fig. S7. Number of P-S units in three different Li>S-P2Ss glassy electrolytes at different pressure.
Source data are provided as a Source Data file.
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Fig. S8 Neutron structure factor Sn(Q) of simulated glassy Li3PSa4, B-Li3PSa4, and glass-ceramic Liz PS4
electrolytes using the present MLP. Source data are provided as a Source Data file.
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Fig. S9. a-c Mean squared displacement of Li3PS4 electrolytes at different temperature. d-f Exponent
of mean squared displacement. The horizontal dashed lines represent the Fickian limit #!. Source data
are provided as a Source Data file.
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Fig. S10. Non-Gaussian parameter of a - LisPS4, b glassy LisPS4, and ¢ glass-ceramic Li3PSs4
electrolytes Li3PS4 electrolytes at different temperatures (from 700 K to 1000 K). Source data are
provided as a Source Data file.
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Fig. S11. a Mean squared displacement (MSD, (r?(t))) of LisPSs glass at 300 K. b Room
temperature ionic conductivity obtained from long-time scale MD simulations at 300 K and
extrapolation of Arrhenius fit. Source data are provided as a Source Data file.
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Fig. S12. a Room temperature ionic conductivity of glassy Li3PS4, glass-ceramic Li3PS4, and (-
Li3PS4 electrolytes. The horizontal axis represents the fraction (%) of crystalline content. b,ec Mean
squared displacement of glass-ceramic LizPS4 electrolytes with crystalline contents of b 25% and ¢
50%. Source data are provided as a Source Data file.
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Fig. S13. Mean squared displacement of glass, crystalline, and interface phases within the simulated
glass-ceramic Li3PS4 electrolytes at different temperatures (a 300 K, b 500 K, ¢ 700 K). Source data
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are provided as a Source Data file.
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Fig. S14. Non-Gaussian parameter (NGP) peak times, zgp for crystalline, interface, and glassy phases
in glass-ceramic Li3PS4 (hollow symbol). Solid symbols represent the value of 7 for glassy LizPSs,
B-Li3PS4, and glass-ceramic LizPS4 electrolytes. Source data are provided as a Source Data file.
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Fig. S15. a Self-part van Hove correlation function of interfacial phases within glass-ceramic Li3PS4
at 900 K. b Atomic snapshot of simulated glass-ceramic LizPS4, with annotated dimensions

representing the sizes of the crystalline and glassy phases.
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Fig. S16. Components of mean squared displacement of - LizPS4 in different directions, where
panels a to d represent mean squared displacement at temperatures ranging from 700 K to 1000 K.

Source data are provided as a Source Data file.
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Fig. S17. MSD at 900 K of (a) glass and (b) interfacial phase in different directions for the glass-
ceramic Li3PSs. Source data are provided as a Source Data file.
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Fig. S18. Distinct-part of van Hove correlation function for glass-ceramic (a) and glassy LizPS4 (b)
at 300 K.
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Fig. S19. a Temperature dependence of ionic conductivity of glass-ceramic Li3PS4. Three different
orientations of crystalline phases within the glass-ceramic are considered. b,c MSD of glass-ceramic
Li3PS4 at 300 K (b) and 900 K (c¢). Source data are provided as a Source Data file.

20



0.8 1 " 1 " 1 " 1
= Crystalline phase
= Glassy phase
Glassy-Ceramic-Li3PSy I
0.6 1 -
D 0.4 L
0.2 1 -
00 T T T T T K
-2 0 2 4
S

Fig. S20. Distribution of lithium softness S for crystalline and glassy phases within the glass-ceramic
Li3PS4 as well as the average of the glass-ceramic Li3PS4 at 300 K. Source data are provided as a
Source Data file.
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Fig. S21. Profiles of the averaged w; order parameters (top) and lithium softness S (bottom) along the
y-direction in the glass-ceramic Li3PS4 configuration at 300 K. Source data are provided as a Source
Data file.
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Fig. S22. a,b Distribution of particle softness S for the glass-ceramic LizPS4 with a different crystal
(B-Li3PSs4) orientations and b varying crystal content. Source data are provided as a Source Data file.
c-f Corresponding atomic snapshots, where only lithium atoms are presented and colored according

to their particle softness S value.
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Fig. S23. Visual representation of the B-Li3PS4 unit cell, highlighting the crystalline planes of (0 0 1),
(1 0 0), and (0 1 0). The space group of B-Li3sPS4 is Pnma. Lattice constants: a = 13.03282 A, b =
8.01860 A, c=6.17177 A, a =90, =90, y = 90.
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Fig. S24. Dependence of total energy of B-LizPS4 on (a) the plane-wave cutoff for the electronic
density and (b) the relative cutoff. The values highlighted in red circles are adopted in this study.
Source data are provided as a Source Data file.
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Fig. S25. Comparison of MLIP predicted and DFT calculated atomic forces for a B-LizPS4, b y-Li3PSa,
and ¢ a-Li3PS4 systems during the melting process. Source data are provided as a Source Data file.
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Fig. S26. a Atomic structure of the interface between the B-Li3PSs crystal and amorphous structures
used for ab initio MD simulations. Lithium atoms are colored in brown, sulfur atoms in blue, and
phosphorus atoms in yellow. b Comparison of atomic forces from MLIP predictions and DFT
calculations for the crystal-amorphous structure of 3-Li3PS4. Here, the MLIP was trained without the
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Supplementary Tables

Table S1. Lattice parameters, room temperature ionic conductivity (or7), and conduction activation
energy (E,) of LizsPSy electrolytes. Data are included from this work as well as literature, covering
both experimental results (based on x-ray diffraction) as well as simulation results using different
methods. The abbreviations used in the table are as follows: Exp. (experiment), DFT (density
functional theory), CMD (classical molecular dynamics), and MTP (moment tensor potential).

Lattice parameters

LizPS4 orr (S em™) | E, (eV)
a b c

B-Li3PS4 (this work) 13.01 8.34 6.22 4.8 x 10 0.49
Exp.? 12.82 8.22 6.12 8.9 x 107 0.48*
Exp.’ 12.98 8.04 6.13

PBE® 13.07 8.13 6.26

PBE’ 13.02 8.17 6.25 6 x 107 0.49
PBE (this work) 13.03 8.02 6.17

PBEsol (this work) 12.85 7.93 6.10

PBEsol® 7.7 %10 0.38
PBEO® 8.7 x10° 0.62
CMD’ ~ 102 <0.2
MTP! 13.06 8.12 6.26 7.4 %107 0.29
Li3PS4 glass (this work) 1.3 x10%

Exp.!! 1.8 x10%

Li3PS4 glass-ceramic (this work) 2.2 %10

Exp.!! 2.8x10%
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Table S2. Details of the initial data set obtained from the ab initio MD simulations and used to train

the MLIP.
System Composition Atom number Number of configurations
B-LizPS4 Li24P8S32 64 1000
v-Li3PS4 Li48P16S64 128 1000
Li2P2Se Lil6P16S48 80 1000
Hexagonal Li>PS3 Li32P16S48 96 1000
Orthorhombic Li>PS; Li32P16S48 96 1000
LixS Li164S32 96 1000
LisP Li48P16 64 1000
Li4P2Se Li32P16S48 96 1000
Li7P3S1 Li28P12S44 84 1000
Li7PSe Li28P4S24 56 1000
LisgP16S61 Li48P16S61 125 1000
P>Ss P8S20 28 1000
P4Ss3 P32S24 56 1000
67L12S-33P>Ss Li82P40S138 260 1000
70L12S-30P2Ss Li82P38S133 253 1000
75L12S-25P>Ss Li91P35S129 255 1000
80L12S-20P2Ss Li192P34S128 254 1000
Li Li54 54 1000
P P48 48 1000
S S32 32 1000
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Table S3. Details of the explored data set obtained from the single energy calculation using CP2K.

Iteration | System Composition | Atom number | Conditions Number of configurations
1 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 579
70Li2S-30P2S5 | LiS2P38S133 253 | [500,800,1000] 425
75Li28-25P2S5 | Li91P35S129 255 | Press(bar):[0,50] 159

2 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 2344
70Li2S-30P2S5 | LiS2P38S133 253 | [500,800,1000] 2309
75Li2S-25P2S5 | Li91P35S129 255 | Press(bar):[10,1000] 802

3 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 96
70Li2S-30P2S5 | Li82P38S133 253 | [500,800,1000] 63
75Li2S-25P2S5 | Li91P35S129 255 | Press(bar):[5000,10000] 23
4 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 1404
70Li2S-30P2S5 | Li82P38S133 253 | [900,1200,1500] 1459
75Li28-25P2S5 | Li91P35S129 255 | Press(bar):[0,50] 909

5 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 1492
70Li2S-30P2S5 | LiS2P38S133 253 | [900,1200,1500] 1495
75Li28-25P2S5 | Li91P35S129 255 | Press(bar):[10,1000] 866

6 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 1492
70Li2S-30P2S5 | LiS2P38S133 253 | [900,1200,1500] 1489
75Li2S-25P2S5 | Li91P35S129 255 | Press(bar):[5000,10000] 756

7 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 1498
70Li2S-30P2S5 | Li82P38S133 253 | [900,1200,1500] 1490
75Li2S-25P2S5 | Li91P35S129 255 | Press(bar):[0,50] 1491

8 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 1498
70Li2S-30P2S5 | Li82P38S133 253 | [1400,1600,1800] 1495
75Li28-25P2S5 | Li91P35S129 255 | Press(bar):[10,1000] 1490
9 | 67Li2S-33P2S5 | Li82P40S138 260 | Temp(K): 1497
70Li2S-30P2S5 | LiS2P38S133 253 | [1400,1600,1800] 1498
75Li28-25P2S5 | Li91P35S129 255 | Press(bar):[5000,10000] 1491
10 | 67Li2S-33P2S5 | LiS2P40S138 260 | Temp(K): 1490
70Li2S-30P2S5 | LiS2P38S133 253 | [400,800,1200] 1497
75Li2S-25P2S5 | Li91P35S129 255 | Press(bar):[100] 1491
11 | 67Li2S-33P2S5 | LiS2P40S138 260 | Temp(K): 1488
70Li2S-30P2S5 | Li82P38S133 253 | [400,800,1200] 1489
75Li2S-25P2S5 | Li91P35S129 255 | Press(bar):[2000] 1250
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