
1



My talk is based on our recently submitted work “Computational and experimental 
(re)investigation of the structural and electrolyte properties of Li4P2S6, Na4P2S6, and 
Li2Na2P2S6” which has three main focuses. In the first part of the work, we showed that 
the enhanced computational methods with consideration of phonon contributions can 
explain the experimentally observed structures of Na4P2S6 and its Li4P2S6 analog. 

Studies on these two materials also prompt an investigation of their alloys, one of them 
has composition Li2Na2P2S6. The following slides will show the predicted structures of 
this mixed ion material and the stability analysis in terms of reaction energies of 
proposed reaction pathways. Also the electrolyte properties of Li2Na2P2S6 will be 
discussed in comparison with those of Na4P2S6.

2



The computational methods are based on Density Functional Theory (DFT) and Density 
Functional Perturbation Theory (DFPT) using the Projector Augmented Wave (PAW) 
formalism. The PAW basis and projector functions were generated by the ATOMPAW 
code and used in both the ABINIT and QUANTUM ESPRESSO packages. In the present 
work, the PBEsol GGA was used to treat the exchange and correlation effects. 

3



This diagram shows the ball and stick model of the C2/m structure in primitive cell 
setting, in which the P2S6 building blocks aligned orderly and uniformly throughout the 
space. Such structural framework may benefit the diffusions of Na ions in the material. 

As what we see this structure has two crystallographically distinct Na sites with Wyckoff 
labels g and h, respectively. Each g-type Na ion is located in an intralayer plane which 
contains the P2S6 units, while each h site Na ion is located in an interlayer plane between 
the P2S6 units. Staring with the monoclinic structure of the pure Na material, we 
predicted the possible structures of the mixed ion material Li2Na2P2S6 based on the idea 
of ionic substitution. 
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The left diagram illustrates one likely geometry of atomic arrangements, generated 
by replacing all equivalent Na ions at g sites with Li ions. And by substituting the Li ions 
for all h-type Na ions in interlayer planes, we obtain another possible atomic 
configuration .   

After optimization, we found both proposed structures retain their space group 
symmetry C2/m.  For the reason that results in a lower static energy structure relative 
to ,  the configuration is determined to be the ground state structure of 
Li2Na2P2S6 and will be used in subsequent analysis and simulations.
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Here we see that phonon dispersion curves of the two materials are very similar with the 
same number of modes covering an almost identical range of frequencies. For the case 
of Li2Na2P2S6 , the fact of having all real phonon frequencies implies that its possible 
ground state structure is dynamically stable.

As highlighted by short red arrows, there are several branches that are not continuous 
functions of q near gamma point. The physical reason for this kind of discontinuity is 
explained in terms of the coupling between the optical phonon modes and the 
electromagnetic field. For some of you who interest in such coupling effects, detailed 
discussions can be found in our published paper “Li et al.,  J. Phys. Condens. Matter, 32, 
055402 (2019)”.
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To further evaluate the stability of this predicted alloyed material Li2Na2P2S6, we 
proposed this possible reaction pathway and calculated the reaction energy which is 
determined from the energy difference between the right side products and the left-side 
reactants. For each component, the energy of it is obtained from the sum of static and 
vibrational contributions. In particular for Li and Na in their metallic form, we also 
considered the energy due to the temperature-dependent excitations, but it turns out 
this contribution is very small compared to others and can be neglected.  

It shows that at room temperature, the reaction energy is -0.35 eV.  The figure on the 
right demonstrates that the reaction energy is gradually decreasing along with the 
increasing temperature, suggesting that it is energetically favorable for Li to replace Na 
according to this reaction over a significant temperature range.

7



Besides the possible synthesis route given in the previous slide, there are a number of 
other possible reactions we can imagine to produce the mixed ion electrolyte Li2Na2P2S6. 
In this table, we summarized the room-temperature reaction energies for some of those 
pathways. Here we see that the only reaction that has a positive reaction energy ∆F is 
reaction No. 3, which means the mixed material is unstable relative to these two left-side 
reactants. But we also learn from the experiment that the pure Li material Li4P2S6 forms 
at very high temperatures, which implies that it is still possible to produce Li2Na2P2S6 via 
a low-temperature synthesis process with the metal-stable phase of Li4P2S6 as one of the 
reactants. 
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To understand the conductivity properties of the mixed ion material Li2Na2P2S6 in 
comparison with the pure Na material Na4P2S6, we investigated the diffusion 
mechanisms and estimated the related activation energy Ea for Na ions hopping for both 
materials. And among many possible migrating paths, we identified that the most 
favorable path for Na ion vacancy migration appears to be between h sites.  When 
viewing down the c axis, we would see the hops from one host h site to the adjacent 
vacancy construct a continuous zig-zag path from one side of the crystal structure to 
another.  The resulted NEB diagram between such two local minimum energy 
configurations shows that the energy barrier of the mixed material is lower by about 0.1 
eV than of the pure Na material.  

Within this methodology, the activation energy Ea of the perfect crystal includes both 
migration energy Em and also the formation energy Ef which is associated with the 
creation of a vacancy-interstitial pair (defect).   In this diagram, the extra gray balls 
represent the interstitial d sites from which the defect formation energy Ef is determined.   
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By directly observing the trajectories of atoms produced by molecular dynamics 
simulations, we found that for both materials all migration events only occur within the 
interlayer plane containing all h sites. Here we have movies for visualizing the trajectories 
of h-type Na ions at T = 1000K. At the beginning of the calculation, there are 8 Na ions 
resided at each interlayer plane in the simulation cell. More balls were placed to display 
that the Na ion may migrate to the neighboring cells.

Note in this document, the animations were represented by the superposed snapshots of the 
ion positions at t =~10 ps, ~15 ps and ~30 ps as presented in the next 3 slides.

10



Qualitatively speaking, compared to the case for Na4P2S6 the Na ions migrate more 
frequently in the mixed material Li2Na2P2S6, presenting a more extensive network of 
diffusional channels. To quantify these effects, we analyzed the nearest-neighbor 
hopping events, that is, the average number of hops between nearest neighboring sites, 
as a function of time. The story we can tell from the plots of H vs t is that for each 
material, the Na ion diffusion is either via direct vacancy mechanism between h to h, or 
via indirect vacancy mechanism between h to d or d to h. The h to d hops are more 
prevalent than the h to h hops, suggesting the interstitial d sites play an important role 
as intermediates in the Na ion migration processes throughout the interlayer plane.

11



12



13



Both NEB and molecular dynamics analyses suggest that the mixed ion material 
Li2Na2P2S6 has lower activation barriers and larger conductivity compared with Na4P2S6. 
The present computational results on Na4P2S6 are in reasonable agreement with the 
available calculated results using LDA in Ref. 1 and the experimental measurement in 
Ref. 2.

We also noticed that for these systems, ≠ because of their different treatments 
of the effects of interstitial d sites. The NEB analysis presented here only considered 
direct hops between nearest neighbor vacancy sites, including the interstitial sites only in 
the estimation of the population of vacancies via the Boltzmann factor due to the 
formation energy Ef of the interstitial-vacancy pair. The molecular dynamics results
indicate significant contributions of hops between vacancy and interstitial sites, 
presenting a plausibly more physical picture of the Na ion migration processes.
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