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Supplementary Figure 1. Ab initio molecular dynamics (AIMD) melt-and-quench procedure for 
generating models of glassy Li3PS4. This procedure was applied using the NPT ensemble at four 
different pressures, resulting in 4 glass models with different densities, as shown in Supplementary Table 
1. 
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Supplementary Figure 2. Density of glassy 75Li2S-25P2S5 as a function of hydrostatic pressure at 300 K 
over an 80 ps AIMD trajectory. The initial equilibration phase of duration 3 ps is not shown. The 
calculated density for the glass and crystalline γ-Li3PS4 averaged over 80 ps is shown in Supplementary 
Table 1. The experimental density of 75Li2S-25P2S5  glasses prepared at room temperature with a 
pressure of 1.8 and 3.6 kBar were reported as 1.45 and 1.68 g cm-3, respectively.1 Baba and Kawamura 
calculated an AIMD density of 1.79 g cm-3

 using a computational cell that was constrained to be cubic.2 
For comparison, the experimental density of γ-Li3PS4 (1.93 g cm-3)3 is also shown in Supplementary 
Table 1.  
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Supplementary Figure 3. Neutron pair distribution function data. (a) Calculated total neutron pair 
distribution function for 4 glassy LPS models generated at T = 300 K and with different hydrostatic 
pressures (solid lines) compared to experimental data (diamonds) from Ohara et al.4 (b) Calculated 
total and partial neutron pair distribution function at T = 300 K and 1 bar. 

1 2 3 4 5 6 7
r (Å)

-10

-5

0

5

10

g(
r)

Total
Li-P
Li-S
P-S
Li-Li
P-P
S-S

1 2 3 4 5 6 7
r (Å)

-10

-5

0

5

10

15

20

25

G
'(r

)

1 bar
3.6 kbar
10 kbar
100 kbar
Expt

a b



 4 

 

Supplementary Figure 4. Effect of varying the Li-ion displacement threshold, a (Equation 3, main 
text), on the detection of correlated ion migration events in LPS glass at 300 K and 1 bar. The value of a 
is varied from 1 to 2 Å while keeping the parameters Δt = 3 ps and ta = 9 ps constant. Here, Δt is the 
residence time that both precedes and follows a displacement event, and ta is the time window that 
includes the residence times and transition time.  
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Supplementary Figure 5. Effect of varying the Li-ion displacement threshold, a (Equation 3, main 
text), on the detection of correlated ion migration events in LPS glass at 300 K and 1 bar. The value of a 
is varied from 1 to 2 Å, while keeping the parameters Δt = 2 ps and ta = 9 ps constant.  Here, Δt is the 
residence time that both precedes and follows a displacement event, and ta is the time window that 
includes the residence times and transition time. 
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Supplementary Figure 6. Identification of individual and cooperative Li-ion migration events 
(Equation 3, main text) at 500 K (left column) and 1 bar, and at 700 K (right column) and 1 bar. The 
value of a is set to 1.6 Å at 500 K and to 3.0 Å at 700 K; otherwise both temperatures use the same 
parameter values for Δt = 3 ps and ta = 9 ps. (a,d) Individual Li-ion migration events. (b,e) Number of 
atoms participating in a cooperative migration event as a function of the time which those events were 
observed. The yellow shading in (a,d) identify the Li-ions that participate in the cooperative event 
involving the largest number of ions in panel (b) at 49 ps and at 25 ps in panel (e). (c,f) Displacements 
of the cooperatively-migrating ions identified in (a,b) and (d,e) relative to the beginning of their 
residence time. 
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Supplementary Figure 7. Alternative view of Fig. 4 (main text) showing cation-anion cooperative 
motion involving several adjacent cations and anion reorientations at 300 K.  Distinct colored spheres 
represent four different lithium ions superimposed at 40 fs intervals over a 10 ps trajectory; initial and 
final positions of these ions are labeled “B” and “E”, respectively. Tetrahedral PS4 anions are colored 
magenta (phosphorus) and yellow (sulfur). The initial positions of the anions at the start of the 
migration event are shown with partial transparency; opaque depictions indicate their final positions. 
Large numeric labels identify individual anions discussed in the main text; small numerals identify the 
and initial and final positions of sulfur atoms. For clarity, only a portion of the simulation cell is shown. 
The local temporal and spatial correlations of migrating cations and neighboring anions were analyzed 
over 640 ps of trajectories. The displacement of individual lithium and angular displacements of three 
nearest neighbor anions are shown in Supplementary Figures 8-16. Overall, the data indicate migrating 
lithium is correlated with the rotational motion of neighboring anions at low temperatures. 
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Supplementary Figure 8. Characterization of Li-ion migration events, and their correlation with rotational 
displacements of PS4

3- anions, in LPS glass at 300 K (MD run #1). (a) Identification of migration events using Eq. 
3 in the main text. Numbers located above the histogram bars identify events whose displacements were examined 
for paddlewheel dynamics. (b) Table summarizing the simulation time at which each event identified in (a) 
occurred, and the identification (ID) number of the displaced atoms. Lithium ions have IDs that range from 1 to 
60; Sulfur ions have IDs ranging from 81 to 160. (c) Displacements of Li-ions (black line, left axis) that participate 
in the migration events identified in (a-b), and the coinciding angular displacements of the three nearest-neighbor 
PS4 anions (blue hues, right axis). The ID for each Li and PS4 anions appear in the top left corner of each plot. 
Four rotational displacements are plotted for each anion using a common color; these displacements correspond 
to rotations of the 4 sulfur atoms about the center of mass of the PS4 tetrahedra. To more clearly identify long-
lived Li displacements (and to distinguish them from shorter vibrational excursions), Li and PS4 angular positions 
in panel (c) are averaged over a moving time window of width equal to 2 ps.   
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Supplementary Figure 9. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 300 K (MD run #2). See the caption of 
Supplementary Fig. 8 for additional details.  
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Supplementary Figure 10. Real-space trajectory of Event 2 in Supplementary Figure 9. Migration of Li-
ions, 1-cyan, 29-orange, 44-teal are locally correlated with the rotation of anion 9. 

 



 11 

 

Supplementary Figure 11. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 300 K (MD run #3). See the caption of 
Supplementary Fig. 8 for additional details.  
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Supplementary Figure 12. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 300 K (MD run #4). See the caption of 
Supplementary Fig. 8 for additional details.  
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Supplementary Figure 13. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 300 K (MD run #5). See the caption of 
Supplementary Fig. 8 for additional details.  
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Supplementary Figure 14. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 300 K (MD run #6). See the caption of 
Supplementary Fig. 8 for additional details.  
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Supplementary Figure 15. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 400 K (MD run #7). See the caption of 
Supplementary Fig. 8 for additional details.  
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Supplementary Figure 16. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 400 K (MD run #8). See the caption of 
Supplementary Fig. 8 for additional details.  
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Supplementary Figure 17. Mean squared displacement of Li+ (solid lines) and PS4
3- (dashed lines). 
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Supplementary Figure 18. Characterization of Li-ion migration events, and their correlation with 
displacements of PS4

3- anions, in LPS glass at 300 K (MD run #1). Panels (a-b) are described in the 
caption of Supplementary Fig. 8. (c) The displacement of Li-ions vs. time is shown with a black curve 
and plotted on the left ordinate. The displacement of the 3 nearest-neighbor PS4 anions are shown with 
blue curves; these data are plotted on the right ordinate.  
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Supplementary Figure 19. Characterization of Li-ion migration events, and their correlation with 
displacements of PS4

3- anions, in LPS glass at 300 K (MD run #2). Panels (a-b) are described in the 
caption of Supplementary Fig. 8. (c) The displacement of Li-ions vs. time is shown with a black curve 
and plotted on the left ordinate. The displacement of the 3 nearest-neighbor PS4 anions are shown with 
blue curves; these data are plotted on the right ordinate. 
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Supplementary Figure 20. Characterization of Li-ion migration events, and their correlation with 
displacements of PS4

3- anions, in LPS glass at 300 K (MD run #3). Panels (a-b) are described in the 
caption of Supplementary Fig. 8. (c) The displacement of Li-ions vs. time is shown with a black curve 
and plotted on the left ordinate. The displacement of the 3 nearest-neighbor PS4 anions are shown with 
blue curves; these data are plotted on the right ordinate. 
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Supplementary Figure 21. Characterization of Li-ion migration events, and their correlation with 
displacements of PS4

3- anions, in LPS glass at 300 K (MD run #4). Panels (a-b) are described in the 
caption of Supplementary Fig. 8. (c) The displacement of Li-ions vs. time is shown with a black curve 
and plotted on the left ordinate. The displacement of the 3 nearest-neighbor PS4 anions are shown with 
blue curves; these data are plotted on the right ordinate. 
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Supplementary Figure 22. Characterization of Li-ion migration events, and their correlation with 
displacements of PS4

3- anions, in LPS glass at 300 K (MD run #5). Panels (a-b) are described in the 
caption of Supplementary Fig. 8. (c) The displacement of Li-ions vs. time is shown with a black curve 
and plotted on the left ordinate. The displacement of the 3 nearest-neighbor PS4 anions are shown with 
blue curves; these data are plotted on the right ordinate. 
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Supplementary Figure 23. Characterization of Li-ion migration events, and their correlation with 
displacements of PS4

3- anions, in LPS glass at 300 K (MD run #6). Panels (a-b) are described in the 
caption of Supplementary Fig. 8. (c) The displacement of Li-ions vs. time is shown with a black curve 
and plotted on the left ordinate. The displacement of the 3 nearest-neighbor PS4 anions are shown with 
blue curves; these data are plotted on the right ordinate. 
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Supplementary Figure 24. Rotational displacements of individual PS4 anions in glassy Li3PS4 (black) 
and in crystalline γ-Li3PS4 (blue) as a function of MD time at 300 K and 1 bar. The γ-Li3PS4  crystal 
structure is from Homma et al.3 
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Supplementary Figure 25. Translational displacements of individual anions in glassy Li3PS4 (black) 
and in crystalline γ-Li3PS4 (blue) as a function of MD time at 300 K and 1 bar. The γ-Li3PS4  crystal 
structure is from Homma et al.3 
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Supplementary Figure 26. PS4 anion reorientation time-correlation function, 𝐶(𝑡) =
〈𝒖(𝑡 + 𝑡′) ⋅ 𝒖(𝑡+)〉, as a function of volume (density) and temperature. Here, u is a unit vector 
defined from the anion center of mass (P atom) to covalently-bonded S atoms. ρ is the average 
glass density, and ργ is the density of crystalline γ-Li3PS4 at 300 K and 1 bar. (a) Comparison of 
glassy and crystalline γ-Li3PS4 at 300 K. (b) Behavior of  the glass at 700, 850, and 1000 K.  
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Supplementary Figure 27. Rotational displacements of individual PS4 anions in glassy Li3PS4 as a 
function of MD time at 300 K and an applied hydrostatic pressure of 1 GPa. The applied pressure results 
in a density of 1.76 g cm-3. 
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Supplementary Figure 28. Li-ion migration events (identified using Eq. 3) during AIMD simulations 
at (a) 300 K & 1 bar, (b) 500 K and 1 bar, and (c) 700 K and 1 bar in which the anion degrees of 
freedom were frozen. A similar analysis is shown in Fig. S6 (for 500 and 700 K) for the case where the 
PS4 dynamics were not constrained.  
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Supplementary Figure 29. Calculated Li-ion diffusion data. (a) Mean squared displacement of Li-ions 
in the presence of frozen PS4 anions (dashed lines) and without constraints on the PS4 dynamics (solid 
lines). (b) Diffusion coefficients with frozen anions (yellow diamonds) and without constraints on the 
anions (blue diamonds). The dotted lines in panel (b) depict a linear fit to the high temperature 
diffusivity data, which is extrapolated to 300 K. 
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Supplementary Figure 30. Characterization of Li-ion migration events, and their correlation with 
rotational displacements of PS4

3- anions, in LPS glass at 300 K using a classical interatomic potential 
from Supplementary Ref .5 These simulations used a simulation cell containing 4,320 atoms, 
corresponding to a system size 27 times larger than that used for AIMD. These data confirm that the 
paddlewheel mechanism also is present in the classical simulation, supporting the conclusions reached 
with AIMD simulations, and ruling out finite-size effects. 
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Supplementary Tables 
 

 

 

Supplementary Table 1. Density (in units of g cm-3) of 75Li2S-25P2S5  glass, and crystalline γ-
Li3PS4 and b-Li3PS4 as a function of pressure averaged over 80 ps. The calculated instantaneous 
density of 75Li2S-25P2S5 as a function of hydrostatic pressure is shown in Supplementary Figure 
2. The experimental density of 75Li2S-25P2S5  glasses prepared at room temperature with a 
pressure of 1.8 and 3.6 kBar were reported as 1.45 and 1.68 g cm-3, respectively.1 Baba and 
Kawamura calculated an AIMD density of 1.79 g cm-3 using a computational cell that was 
constrained to be cubic.2 For comparison, the experimental density of γ-Li3PS4 (1.93 g cm-3)3 is 
also given.  
 

System 1 bar 3.6 kbar 10 kbar 100 kbar 
Glass (Calc.) 1.56 1.65 1.76 2.42 
γ-Li3PS4 (Calculated, 300 K) 1.83 − − − 
γ-Li3PS4 (Experiment, 297 K)3 1.93 − − − 
b-Li3PS4 (Calculated, 300 K) 1.76    
b-Li3PS4 (Experiment, 637 K)3 1.85    
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