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Abstract
Understanding the ionic conduction mechanisms in solid electrolyte glasses and glass-ceramics is an important task for 
improving the performance of next-generation all-solid-state batteries. Although many ionic conduction mechanisms have 
been proposed, the mechanism of increased ionic conductivity in partially crystallized glass is not fully understood. In this 
study, molecular dynamics was used to analyze the strain and local ion mobility in the glass around the crystal nano-particles 
of Li

3
PS

4
 , which is a promising material for solid electrolytes. From the analysis of the results, we find that a local strain 

field is generated around the crystal particles and that the tensile strain field decreases the activation energy of ion migration 
and increases the ionic conductivity. This study opens the possibility of improving the ionic conductivity of glass-ceramics 
by controlling crystallization and dispersing the tensile strain field, even though the crystalline phase is not a high ionic 
conducting phase.
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Introduction

All-solid-state batteries which utilize solid electrolytes 
(SEs) are thought to be the next-generation Li-ion batter-
ies (LIBs), owing to its superior qualities over conventional 
LIBs including heat resistance, non-flammability, and high 
energy density [1, 2]. High ionic conductivity and high 
formability are two of the SE’s key characteristics that ena-
ble fast charging/discharging with improved contact with 
active materials [3]. Since certain sulfide material classes 

meet these criteria, lithium sulfide materials are regarded as 
promising candidates for SEs. Because of its excellent form-
ability and the presence of highly ionic-conductive crystal-
line and glass phases, the lithium phosphorus sulfide xLi2S
-yP2S5 with x ∶ y = 3 ∶ 1 (Li3PS4 ) is thought to be one of the 
most promising among the sulfide materials [4, 5].

Many investigations have been carried out in an effort to 
identify and stabilize higher ion-conductive phases in Li3
PS4 [6, 7]. Ionic conductivity is typically higher in glass 
phases ( 10−4 to 10−3 S cm−1 ) compared to crystalline phases 
[4, 8]. In particular, �-Li3PS4 , which is thermodynamically 
stable at room temperature (RT), has low ionic conductivity 
( ∼ 10−7 S cm−1 ) [6]. In contrast, there exists a super ionic-
conductive phase, �-Li3PS4 ( > 1 × 10−3 S cm−1 ) [9], and 
glass-ceramics containing �-phases embedded in the glass 
through crystallization are known to have conductivity higher 
than the glass phase [10]. However, for glass-ceramics with 
extremely low crystallinity of low ionic conductivity phase, 
an increase in ionic conductivity was also discovered [11]. 
Therefore, it appears that there are other factors contributing 
to the rise in ionic conductivity in glass-ceramics besides the 
percolation of highly conductive �-phase.

Due to their inherent lack of periodic ordering, the ion-
conduction mechanisms of glass and glass-ceramics are 
thought to be extremely complex in comparison to crystalline 
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phases. As a result, numerous mechanisms have been pro-
posed and examined. Many researchers have discussed the 
significance of local structures like the S-sublattice, which 
is a key distinction between glassy and crystalline structures 
[9, 12, 13], poly-anion blocks like PS3−

4
 , P2S4−6  , and P2S4−7  , 

which are also typical of glasses [4, 5, 14], charge polariza-
tion around Li-ions depending on the local environment [15], 
and glass density, which varies depending on the process con-
ditions among samples [8, 16]. Additionally, whether or not 
the rotating poly-anions improve Li-ion migration has been 
studied in relation to dynamical properties like the paddle-
wheel mechanism [17–20]. Despite numerous attempts, the 
increase of ionic conductivity in glass-ceramics through crys-
tallization has not yet been fully understood, because of the 
difficulty in analyzing amorphous structures and the interface 
between glass and crystal phases.

The molecular dynamics (MD) method is deemed 
appropriate for investigating Li-ion conduction within 
the glass phase and at the interface between glass and 
crystal. Kim et al. [12] conducted MD simulations of a 
system with �-crystal and glass side-by-side using a clas-
sical interatomic potential (IP). They showed that Li-ion 
conductivity at the interface is an intermediate value 
between those of �-phase and glass, which they attributed 
to a combination of S-sublattice features from both phases. 
Shimuzu et al. [21] performed a long-time MD simulation 
using a machine-learning (ML) IP of annealing from a 
glass phase. They showed that under a certain temperature 
high ionic-conductive �-like phase nucleates and claimed 
that the increase of Li-ion conductivity of glass-ceramics 
is due to percolation of the high ionic-conductive crys-
talline phase. However, these studies do not explain the 
mechanism of the increase of ionic conductivity of glass-
ceramics under low crystallinity [11], probably because 
they have not taken into account the change of glass phase 
due to crystal nucleation, particularly the glasses’ density 
as discussed in Ref. [16].

In this study, we perform comprehensive MD simulations 
to examine the variations in glass density surrounding the 
nano-crystal in Li3PS4 glass-ceramics and we carry out non-
equilibrium MD (NEMD) simulation to investigate the local 
ion mobility both inside and outside the nano-crystal, using 
a newly developed IP for Li3PS4 system by learning dynami-
cal properties from ab-initio calculations. Based on the anal-
ysis of the data, we can conclude that there is a tensile strain 
field surrounding the nano-crystal and that this strain field 
increases the Li-ion conductivity in glass-ceramic Li3PS4.

Results and discussion

Interatomic potential (IP) for Li
3
PS

4

The IP function forms are outlined in the “Interatomic 
potential (IP) function form’’ section. The Cuckoo search 
algorithm [22] and the autonomous search space update 
method [23] were used to optimize the potential parame-
ters. Ab-initio MD (AIMD) calculations were used to obtain 
selected target data for the optimization. These calculations 
included the energy vs. volume relationship, mean squared 
displacements of Li-ions, phonon density of states, radial 
and angular distribution functions (RDF and ADF) of � , � , 
and � structures at 700 K, and energy differences between � 
and glass structures obtained via MD simulation using the 
potential with a trial parameter set. Therefore, the present IP 
well reproduces the dynamical properties of Li3PS4.

Li-ion conductivities obtained by the current IP for � , � , 
and � Li3PS4 are shown in Fig. 1(a), where they are com-
pared to those obtained by a machine-learning (ML) IP in 
Ref. [20]. Although the conductivities are underestimated in 
the current IP, the temperature dependence of conductivities 
of the � and � phases is accurately reproduced. In contrast to 
the MLIP, which shows that the conductivity of the � phase 
is considerably lower than that of the � phase, the current 

Fig. 1  a Li-ion conductivities of 
� (red), � (green), and � Li3PS4 
(blue) obtained by the present 
IP and by a machine-learning 
potential from Ref. [20]. b Pair 
distribution functions G(r) of 
glass structures obtained from 
the present IP, AIMD [19] and 
experiment [4] whose data 
points were extracted from [19]
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IP predicts that the conductivity of the � phase is about the 
same as that of the � phase as seen in Fig. 1(a). This suggests 
that the current IP’s prediction for the � phase is not accurate 
enough to be compared with the other phases.

Figure 1(b) shows the pair distribution function, G(r), 
computed using a bulk glass model obtained using the pre-
sent IP, comparing with previous experimental and AIMD 
studies. This demonstrates that the glass structure created 
using the present IP reproduces well what is obtained by 
experiments and ab-initio calculations. Furthermore, the 
activation energy of the glass phase is 0.30 eV and the 
estimated ion conductivity of glass at RT is approximately 
1.0 × 10−3 S cm−1 (as shown Fig.  6c), which is in good 
agreement with previous studies. Therefore, the current 
IP is thought to be appropriate for this study because we 
concentrate on the Li-ion conduction in glass, embedded 
� phase, and their interface. Note that this IP includes a 
penalty to the formation of clusters between PS3−

4
 units 

which may not be realistic since other poly-anion building 
blocks such as P2S4−6  and P2S4−7  were considered to exist 
in Li3PS4 glasses [4, 5]. However, since a recent study 
suggested that the effect of these poly-anions on the ionic 
conductivity is not so significant as other contributions 
such as density [16], using the current IP we eliminate 

the poly-anion effects and examine only the contributions 
of density and other local structures. Parameter values 
and other bulk properties of the current IP are shown in  
Supplementary Information.

Structure of partly crystallized glass‑Li
3
PS

4

We created a simulation model of glass-Li3PS4 containing 
a �-Li3PS4 nano-particle at the center of the simulation cell 
by the process described in “Construction of glass-ceramics  
model’’ section. In this investigation, we selected the �-
phase as a nano-particle inside glass because it is the most 
stable structure in the Li3PS4 composition at RT and it has 
a higher density than � , � , and glass phases, which helps to 
highlight the influence of dense phase nano-crystallization. 
The system is a periodic cell with this is nearly cubic, with 
each edge spanning approximately 180 Å , and containing 
a total of 288,144 ions. Figure 2(a) depicts the evolution 
of temperature and pressure during the annealing, quench-
ing, and equilibrating stages. During the model preparation 
except for the equilibrating stage, we forced P-S bonds in 
PS4 unit not to break by setting spring beads potential so that 
poly-anion blocks other than PS4 would not appear during 
the fast annealing of rather a high temperature which is not 

Fig. 2  a Temperature and pressure evolution during the produc-
tion of glass-ceramic model. The spike appeared at 200 ps because 
the potential was changed from the spring potential for neighboring 
P-S bonds to the Morse potential. b Sliced cross-section of the glass-
ceramic structure after equilibration. Rc is the radius of �-Li3PS4 in 

the glass-ceramic model. Only PS4 polygons are shown. c Densi-
ties of glass-ceramic models with Rc = 30, 45, 60 Å as a function 
of radius from the center. Equilibrium glass density, �∗

g
 is shown as a 

dashed line. d Scenario of tensile strain field in the surrounding glass 
matrix after crystal nucleation
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a realistic situation. By applying this restriction, we elimi-
nate the contribution of poly-anion blocks such as P2S4−6  and 
P2S

4−
7

 and focus only on density and local structures. Since 
the system’s density was maintained throughout the entire 
process, the pressure increased by more than 1 GPa during 
the annealing phase which is higher than the pressure (460 
MPa) applied to densify the glass to eliminate voids from 
pellets [8], and the resulting glass structure may have unique 
characteristics as a result of the pressure history. Nonethe-
less, as the temperature and pressure histories are identical 
for every case used for comparison in this study, the impact 
would not be felt in the discussion that follows.

The cross-section of the glass-ceramic system containing 
a nano-crystal of radius Rc = 45 Å is displayed in Fig. 2(b), 
with only the PS4 polygons displayed for ease of distinguish-
ing between the crystalline and glass regions. The cross- 
section is sliced at the plane that includes the system’s center. 
The nano-crystal had some tiny facets at the glass-crystal 
interface after it had equilibrated, but other than that, it nearly 
retained its spherical shape and crystalline structure, neither 
growing nor shrinking, even after a 1-ns equilibration period 
at 500 K. We have also examined the shape and facets of �
-phase nano-crystal of Rc = 45 Å after the equilibration, and 
the above conclusion also applies the � nano-crystal.

The presence of a high-density nano-crystal inside a fixed 
density of glass affected the glass structure surrounding the 
nano-crystal. The local densities of three distinct cases of 
nano-crystals, Rc = 30, 45, and 60 Å , are displayed in 
Fig. 2(c) as a function of radius R from the nano-crystal 
center. Density at radius R was computed by the weights of 
ions inside a shell from R − ΔR∕2 to R + ΔR∕2 divided by 
the shell volume 4�R2ΔR . The density drops from about 1.8 
g/cm3  to below the equilibr ium glass density, 
�∗
g
= 1.705 g∕cm3 at 500 K, when the R exceeds the radius of 

the nano-crystal. The radius of the nano-crystal determines 
the glass-part density; the larger the nano-crystal, the less 
dense the glass. This makes sense because the system’s over-
all density was fixed from annealing to equilibration. This 
suggests that the size of the entire system under consideration 
as well as the duration of the structure relaxation process both 
affect the density of the glass component. It is possible, nev-
ertheless, that the strain surrounding the nano-crystals will 
persist after quenching as illustrated in Fig. 2(d), resulting in 
an uneven strain field in the glass matrix and a shift in the 
Li-ion conduction of the glass matrix.

Ion mobility of glass surrounding nano‑crystals

Local Li-ion mobility was computed from the ion flux 
obtained via NEMD at 500 K with an external force to drive 
Li-ions as described in the “Local ion flux analysis from 
non-equilibrium MD” section. In order to make the problem 

simpler, we considered a thin pseudo-two-dimensional sys-
tem and an embedded cylindrical �-phase at the system’s 
center, as shown in Fig. 3. The yz area of the system matched 
that of the preceding 3D system, while its thickness along 
the x-axis was approximately 22 Å . The total ion count in the 
system was 37,584. The external force was applied parallel 
to the longitudinal direction of the cylinder. This cylindrical 
crystal configuration resembles a spherical nano-crystal in 
three dimensions, and it is thought that the influence of the 
nano-crystal embedding to the glass matrix is comparable 
in these two configurations. Three cases of different radii 
of nano-cylinders, 30, 45, and 60 Å , were considered cor-
responding to the preceding 3D models.

Heat maps of the local ion mobility in bulk glass and 
glass-ceramic ( Rc = 45 Å ) systems are shown in Fig. 4(a) 
and (b), respectively. There are high and low mobility 
regions without translational or rotational order in the glass 
region. As demonstrated in Fig. 1, the low ion conductiv-
ity of bulk � phase is consistent with the mobility inside 
the � region in Fig. 4(b), which is noticeably lower than 
that of the glass region. Certain regions (highlighted in red 
in Fig. 4b) at the interface between the glass and � region 
exhibit a remarkably high ion mobility. However, it is 
unclear whether or not the ion mobility is enhanced at the 

Fig. 3  Schematic diagram of the pseudo-2D glass-ceramic system 
used for the NEMD simulations
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interface because there are also high mobility regions in the 
bulk glass in Fig. 4(a) and in the outer glass region of glass-
ceramic system in Fig. 4(b). The local ion mobilities were 
also compared to the local ion densities of the corresponding 
cross-sections in Fig. S6, but no obvious correlation was 
observed between the two.

We computed histograms of ion mobility in the glass 
and glass-ceramic systems, as shown in Fig. 4(c) and (d), 
respectively, to investigate the differences in ion mobili-
ties in these systems. We defined the interface as a region 
Rc < R ≤ Rc + w and the surrounding glass region as 
R > Rc + w with the radius R from the center and w = 15 Å . 
The glass system’s histograms peak at approximately 
1.0 × 10−4 Å2 eV−1 fs−1 , while the glass-ceramic system’s is 
slightly higher at about 1.25 × 10−4 Å2 eV−1 fs−1 . Further-
more, the maximum mobility in the glass system in Fig. 4(c) 
is much smaller than in the glass-ceramic system in Fig. 4(d), 
suggesting that the nano-crystal nucleation in the glass has a 
notable impact on the surrounding glass’s ion mobility.

Figure 5(a) shows the mean and standard deviation of ion 
mobility, indicating that even if averaging over the shell of 
a cylindrical surface, the difference between the bulk glass 
and glass-ceramic systems is not significant compared with 

their standard deviation. It further demonstrates that there 
is no discernible increase in ion mobility at the crystal/glass 
contact; instead, ion mobility is rather slightly higher in the 
outer glass region.

To clarify the change of ion mobility, it is required to take 
the averages in a wider area. Figure 5(b) plots the maximum 
and mean mobilities averaged over crystal and glass regions 
as a function of the radius of nano-crystal, Rc . Since the 
simulation cell volumes are the same for all cases and the 
surrounding glass area decreases as Rc increases, it makes 
sense that the total mean mobility decreases as the nano-
crystal’s radius increases in the systems. This corresponds to 
the decrease in ionic conductivity in the case of high crystal-
linity of low ion-conductive crystal phase observed in Ref. 
[11]. Conversely, as Rc increases, the mean and maximum 
mobilities in the surrounding glass regions increase (green 
and blue points in Fig. 5b). Since the contribution from 
the interface is not as large as that of the surrounding glass 
region as shown in Fig. 4(d) and is not included in the mean 
mobility of the glass region, the increase in ion mobility 
results from the existence of nano-crystals, which alter the 
properties of the glass and are primarily caused by tensile 
strain condition.

Fig. 4  Ion mobility in pseudo-
2D bulk glass and glass-ceramic 
systems. a, b The distributions 
of local ion mobility in yz plane 
(normal to x and Fext ) in glass 
and glass-ceramic ( Rc = 45 Å ) 
systems, respectively. c, d The 
histograms of the local ion 
mobility in glass and glass-
ceramic systems, respec-
tively. The histogram is taken 
separately for inside � region, 
interface, and outer glass region 
with the interface width of 15 Å 
for the glass-ceramic system
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Strain dependence of ion conductivity in Li
3
PS

4
 glass

In order to assess the strain dependence of Li-ion conductiv-
ity of glass-Li3PS4, we created 20 independent samples of 
bulk glass systems with 1024 ions using the same anneal-
ing, quenching, and equilibrating procedures as above with 
the exception that constant-stress ( N�T  ) MD with 1 GPa 
external pressure was carried out in the present case. We 
computed Li-ion diffusion coefficients, D’s, for various iso-
tropic strains at 500 K for each sample. Figure 6(a) shows 
the diffusion coefficients as a function of the density of the 
strained system. Consistent with the findings in the preced-
ing section, the diffusion coefficient increases nearly lin-
early as the density decreases. This tendency is consistent 
across the board for the glass samples, as the error bars are 
sufficiently small with respect to the difference of D. The 
likely cause of the trend’s violation at the lowest density 
( < 1.5 g∕cm3 ) is the appearance of a small void-like space in 
the system that does not contribute to Li-ion diffusion path.

The diffusion coefficient of the strained system is dis-
played as an Arrhenius plot in Fig. 6(b). In the present 
strained systems, all the cell vectors were deformed by plus 
or minus 2% which correspond to the densities of 1.6 and 
1.8 g∕cm3 , respectively, in this case. Although the density 
change by these strains is considerably large as compared to 
the density decrease outside the nano-crystal in Fig. 2(c), we 
employed such large density modulations in order to clearly 
see the effect of glass density. Based on the slope of the 
lines, the activation energies Ea ’s for these strained systems 
are 0.39, 0.33, and 0.30 eV for -2%, 0%, and +2%, respec-
tively. This indicates that the activation energy is reduced 
by tensile expansion by a maximum of 10%, which agrees 
well with an AIMD result [16]. We also investigated the 
prefactor of diffusion coefficients, D0’s, of these strained 
systems. Figure 6(c) shows the linear relationship between 
ln(D0) and Ea , indicating that the Meyer-Neldel rule is valid 
for the strained glasses.

By using the activation energies, we calculated the Li-ion 
conductivity at lower temperatures, provided that the migra-
tion mechanism remains the same. Figure 6(d) compares the 
extrapolated conductivities and those of former studies from 
the literature. The estimated conductivity at RT is in good 
agreements with former experimental studies [4, 10, 11]. 
The present calculation underestimates the ion conductivi-
ties of AIMD calculations [16, 19] at RT. This is probably 
an issue of the current IP since it also underestimates the 
ion conductivities of crystalline phases of an MLIP [20] 
as shown in Fig. 1. However, since the AIMD simulations 
of glass systems were conducted with a smaller number of 
ions, shorter time for annealing, quenching, equilibration, 
and calculating diffusion coefficient, and at higher tempera-
tures, the deviation may also come from these conditions of 
MD simulation. Therefore, we believe that this deviation 
from the AIMD does not impact the validation of the present 
simulation and the relative difference in ion conductivity 
depending on the tensile strain is meaningful.

The effect of tensile strain is at most about 2× improve-
ment in ion conductivity at RT in the case of strain increase 
from 0 to +2%. This is consistent with an AIMD result [16] 
where the ion conductivity is approximately 3× improved 
by 3% strain. This strain effect can explain the increase in 
ion conductivity observed in Ref. [11] at very low crystal-
linity ( 7.5 × 10−4 S cm−1 at RT, yellow triangle in Fig. 6d), 
which is about 1.25× improvement from zero crystallinity 
( 5.9 × 10−4 S cm−1 , yellow circle in Fig. 6d). Furthermore, 
the increase in ion conductivity in Ref. [11] occurred even 
when the nucleated crystalline phase was not a high ion-
conducting phase, which is consistent with the present study 
where the crystal inside the glass is low ion-conducting  
�-phase. The current study suggests that by nucleating 
high-density nano-crystals—which are not necessarily 
high ion-conducting phases—tensile strain distribution in 
glass matrix could enhance the ion conductivity of Li3PS4 
glass-ceramics.

Fig. 5  a Ion mobilities of bulk 
glass and glass-ceramic systems 
as a function of radius from the 
cylinder center. Shaded area dis-
plays standard deviation of the 
ion mobility. b The mean ion 
mobilities of entire system and 
glass region, and the maximum 
local mobility of entire system 
as a function of crystal radius, 
Rc . Errors are not shown as they 
are three orders of magnitude 
smaller
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To further investigate the influence of the strain on the 
dynamical properties of strained glass systems, we computed 
the phonon density of states (DOS) of vibrational and libra-
tional motions of PS4 units and plotted in Fig. 6(e). Overall 
shapes of vibrational and librational spectra are the same 

for the strained systems, except that the spectra slightly shift 
toward lower frequency as the system size increases and the 
density decreases. We also computed the distinct part of van 
Hove correlation function, Gd(r, t) , of the strained systems as 
shown in Fig. 6(f). The van Hove correlation at zero distance, 

Fig. 6  Strain dependence of Li conductivity in Li3PS4 glasses. a Dif-
fusion coefficient, D, of glass models at 500 K as a function of den-
sity. Shaded area shows error range estimated from 20 samples and 
densities of deformed systems (-2%, 0%, and +2%) are indicated 
with broken, solid, and dash-dot lines, respectively. b Arrhenius plot 
of D’s; c the prefactor of the diffusion coefficient, D0 , as a function 
of the activation energy, Ea , of equilibrium glass model and strained 
( ±2 %) models. d Comparison of Li-ion conductivities obtained at (b) 
and those from the literature (Ohara 2016 [4], Shiotani 2017 [11], 

Stöffler 2019 [14], Kimura 2023 [10], Smith 2020 [19], and Lee 2023 
[16]). Circles, triangles, and squares indicate glass (g), glass-ceramic 
(gc), and crystalline (c) phases, respectively. Two data from Lee 2023 
(g, AIMD) are ionic conductivities of different densities, 1.8 g/cm3 
for a higher one and 2.0 g/cm3 for a lower one. e The phonon DOS 
of vibration and libration modes of PS4 units and f the distinct part of 
the van Hove correlation function of Li-ions, Gd(r, t) , of the strained 
glass models
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r = 0 , provides the information of possibility (at time t) of 
neighboring j-th Li-ion coming to the position where i-th 
Li-ion exists at t = 0 , indicating the presence of correlations 
between neighboring Li-ions. By looking at Gd(0, t) of the 
tensile (+2%) and compressed (-2%) systems in Fig. 6(f), 
the neighboring j-th Li-ions come to r = 0 approximately 2x 
earlier in the tensile system ( ∼ 5 ps) than in the compressed 
system ( ∼ 10 ps). Consequently, although the influence of the 
strain on the dynamical properties of PS4 units is minor, the 
correlation between Li-ions is influenced remarkably, result-
ing in the change in the activation energy Ea (Fig. 6b) and the 
prefactor D0 (Fig. 6c).

Conclusions

A large-scale MD simulation of glass Li3PS4 with a �-phase 
nano-crystal reveals that there appears a tensile strain field sur-
rounding the nano-crystal because of the difference in equilib-
rium densities of glass and crystal phases. Furthermore, the MD 
simulation validates the glasses’ increased ionic conductivity and 
decreased activation energy under tensile strain. These findings 
suggest that even in cases where the nucleated crystalline phase 
is not a high-conductivity phase and the crystalline regions do 
not percolate, the inhomogeneous tensile strain field increases 
the ion conductivity of the entire glass-ceramic Li3PS4 . This dis-
covery raises the prospect of enhancing the ion conductivity of 
glass-ceramic materials through regulation of the nano-crystal 
dispersion and crystallinity. Further research is needed to explore 
the quantitative relationship between increased ionic conductiv-
ity and crystallinity, which necessitates examining nano-crystal 
distribution on a larger length scale and strain relaxation within 
the glass matrix over an extended time frame that are challenges 
beyond the scope of current MD simulations.

Methods

Interatomic potential (IP) function form

We employed the IP developed in Ref. [23] that is composed 
of Coulomb repulsion between cation-cation and anion-anion, 
Morse potential between cation-anion, and angular potential 
between selected bonds as

where �̃�(r) is the smoothed cutoff function of �(r) defined 
as �̃�(r) = 𝜙(r) − 𝜙(rc) − (r − rc)𝜙

�(rc) with cutoff radius rc , 
and s is the scaling factor for the Coulomb potential. The 
Coulomb potential has the form of screened Coulomb using 
the complementary error function as

(1)

U =
∑

i

∑

j>i

[
s�̃�Coul(rij) + �̃�Morse(rij)

]
+

∑

(i,j,k)

𝜙angular(rij, rik),

where qi and qj are charges of ions i and j, respectively. 
The formal charges–−1.0, 5.0, and −2.0 for Li, P, and S, 
respectively—were used in the current IP. dij is the screening 
length, which is defined as a sum of effective radii of ions, 
dij = di + dj . k is the prefactor to convert the unit containing 
the vacuum permittivity. The Morse potential is defined as

where Dij , �ij , sij are the optimizing parameters between 
interacting pair i-j. The angular potential form was slightly 
modified from that introduced in Ref. [23, 24] as

where �ijk, �ijk, �ijk are the optimizing parameters for the 
angle between two bonds, i-j and i-k, and r3b

c
 is the cutoff 

radius for the 3-body angular potential. The parameter �ijk 
was introduced to raise the potential energy when the bond 
j-i-k is formed regardless of its angle.

The Coulomb repulsions work between Li-Li, P-P, S-S, and 
Li-S and the Morse potentials on Li-S and P-S. The original 
angular potentials ( �ijk = 0 ) were applied to P-S-S and S-P-Li 
(in the order of i-j-k), and the modified angular ( 𝜂ijk > 0 ) was 
applied to S-P-P to hinder clustering of PS4 units.

The optimized parameters and bulk properties of Li3PS4 are 
summarized in Supplementary Information.

Ab‑initio calculations

Ab-initio calculations based on the density functional theory 
(DFT) were used to generate reference data for the optimi-
zation of IP. We performed the DFT calculations with the 
Vienna ab-initio simulation package (VASP) [25] using the 
projector-augmented wave method for pseudo-potentials 
[26] and the Perdew-Burke-Ernzerhof (PBE) generallized 
gradient approximation for the exhange-correlation func-
tional [27]. Electron wave functions were represented by 
using a plane-wave basis set with an energy cutoff of 400 
eV, and a reciprocal space was discretized with 15,000 
k-points per Å−1.

Pair distribution function (PDF)

The partial pair distribution function (p-PDF), g��(r) , between 
two species � and � , and the total neutron-weighted PDF, G(r), 
are widely used measures of the local structures of glasses and 
liquids [19]. They are defined as

(2)�Coul(rij) = k
qiqj

rij
erfc

(
rij

dij

)
,

(3)
�Morse(rij) = Dij

{
exp[−2�ij(rij − sij)] − 2 exp[−�ij(rij − sij)]

}
,

(4)
�angular(rij, rjk) = �ijk exp

[
(rij − r3b

c
)−1 + (rik − r3b

c
)−1

]
[
(cos �ijk − �ijk)

2 + �ijk
]
,
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where n��(r) is the number of �-species atoms at a distance 
between r and r + dr from the central �-species atom, �� 
is the number density of species � , c� is the fraction of the 
species � , b̄𝛼 is the neutron-scattering length of species � , 
and ⟨b⟩ = ∑

𝛼 c𝛼 b̄𝛼.

Construction of glass‑ceramics model

The glass-ceramic Li3PS4 models of both 3D and pseudo-2D 
were created via the following procedure: 

1. By duplicating a crystalline unit cell, create a nearly cubic 
crystalline structure with approximately 180 Å on each edge.

2. Anneal the system with variable cell vectors subject to 
constant volume at 1500 K for 100 ps, keeping the atoms 
inside the radius Rc fixed at their crystalline locations. 
To prevent certain bonds in PS4 units from breaking, we 
modified Morse potential form of the P-S pair as a linear 
spring with a spring constant consistent with the Morse 
potential.

3. Quench the system with varying cell vectors under con-
stant volume conditions from 1500 to 500 K so that the 
system requires a density of �∗

g
= 1.705 g∕cm3.

4. Equilibrate the system at 500 K using an unaltered 
Morse potential and variable cell vectors subject to con-
stant volume in which every atom is mobile, even within 
the radius Rc.

The density �∗
g
 is the equilibrium density of the glass formed 

by annealing up to 1500 K and quenching down to 500 K 
under 1 GPa with N�T-MD using the current IP.

Local ion flux analysis from non‑equilibrium MD

The local ion flux, J , was evaluated from the non-equilibrium 
MD (NEMD) developed in Ref. [28]. In the NEMD, only the 
mobile ions (Li-ions in this case) were accelerated by an exter-
nal force Fext and the velocities of other ions were corrected so 
that their total momenta became zero for the system not to have 
a translational velocity. The local ion flux in a local region was 
computed from the average velocities of particles over time 
inside the local region. The strength of the external force was 
chosen as |Fext| = 0.02 eV∕Å , which is small enough so that 
the ion mobility can be obtained in linear response assumption. 

(5)g��(r) =
n��(r)

4�r2dr��
,

(6)G(r) =
�

𝛼

�

𝛽

c𝛼c𝛽 b̄𝛼 b̄𝛽

⟨b⟩2
g𝛼𝛽(r),

The ion mobility can be computed from calculated ion flux as 
� = |J|∕(n|Fext|) , where n is the number density of Li-ion.

Ion conductivity calculation using MD

The diffusion coefficient D of Li-ion was computed from 
the slope of the mean square displacement (MSD) of Li-
ions against time from the constant-cell and constant-
temperature (NVT) MD. The slope was evaluated at the 
time domain where log-log plot of MSD vs. time is on a 
linear function [29]. Once D’s are obtained for various 
temperatures, the activation energy Ea can be evaluated 
from the slope of the Arrhenius plot, ln(D) vs. 1/T, with 
D(T) = D0 exp(−Ea∕kBT) . The prefactor, D0 , may also be 
related to Ea as D0 ∝ exp(Ea∕EMN) , which is known as the 
Meyer-Neldel rule [30] and EMN is a parameter that can be 
determined from the slope of the plot, ln(D0) vs. Ea . The ion 
conductivity at a certain temperature, T, was computed via 
the Nernst-Einstein relation using D(T) as

where q is the charge of Li-ion, and kB the Boltzmann con-
stant. Furthermore, the ion conductivity at lower tempera-
tures than the MD simulations was obtained by extrapolating 
the Eq. (7) using D(T). Note that �(T) is not a DC ionic 
conductivity since D does not include an interparticle cor-
relation effect [31, 32].

Van Hove correlation function

The van Hove correlation function of Li-ions is defined as [33],

where the sum is taken over Li-ions and Ωr is the volume of 
the shell at radius r. G(r, t) can be divided into the self part 
(i = j) and distinct part ( i ≠ j ) as

The distinct part Gd(r, t) shows the possibility of other 
ions ( j ≠ i ) coming to the position of ion-i at time t = 0 and 
thus it is used to investigate the correlation between Li-ions.

(7)�(T) =
nq2

kBT
D(T),

(8)

G(r, t) =
1

N

N∑

i=1

[
1

Ωr

N∑

j=1

�(r + ri(0) − rj(t))

]

=

⟨
N∑

j=1

�(r + ri(0) + rj(t))

⟩
,

(9)

G(r, t) = ⟨�(r + ri(0) − r(t))⟩ +
�

N�

j≠i

�(r + ri(0) − rj(t))

�

≡ Gs(r, t) + Gd(r, t).
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Phonon density of states (DOS)

The phonon DOS is computed as the Fourier transforma-
tion of velocity autocorrelation (VAC). The VAC can be 
computed as

where vi(t) is the velocity of an atom-i at time t. The VACs 
of vibrational and librational contributions of PS4 units can 
be computed using velocities of S-ions and related unit P-S 
bond vectors �PS as

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10008- 024- 05892-9.
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