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Supplementary Information for 

First-principles study of superionic Na9+xSnxM3-xS12 (M = P, Sb) 
Anastassia Sorkina and Stefan Adams*a

1. Details of the Computational methods
All DFT-based first-principles calculations were performed by the Vienna Ab initio Simulation Package (VASP 5.3.3) [1, 2]. The ion-
electron interaction was depicted by the projector augmented wave (PAW) method [3], and the exchange-correlation (X-C) was 
described by two functionals: the generalized gradient approximation (GGA) developed by Perdew, Burke, and Ernzerhof (PBE) [4], 
and the improved GGA-PBE for densely packed solids and their surfaces (PBEsol) [5]. 
During VASP calculations we used PAW potentials implemented in VASP: 3s12p6 electrons were treated as valence electrons for 
Na (Na_pv 19Sep2006), 3s23p3 for P (P 6Sep2000), 5s25p3 for Sb (Sb 6Sep2000), 3s23p4 for S (S 6Sep2000), and 4d105s25p2 for Sn 
(Sn_d 06Sep2000). The energy convergence criterion for electronic self-consistency was at least 10-5 eV per atom and the plane 
wave cutoff energy of 520 eV was employed. The k-points meshes were (999) for Na3PS4 with 16 atoms in the supercell, (778) for 
Na4SnS4 with 18 atoms, (555) for Na10SnP2S12 and Na10SnSb2S12with 50 atoms and (222) for the Na12-xSn3-xPxS12 and Na12-xSn3-xSbxS12 

at 0.625≤x≤1.375 with 205-211 atoms. To gain accurate total energy, the calculations were performed by the tetrahedron method 
incorporating a Blöchl correction [6]. Visualization employed the VESTA software (Visualization for Electronic and Structural 
Analysis) [7]

Ab initio molecular dynamics (AIMD) simulations were performed using the VASP code in terms of a canonical ensemble (NVT) 
with a Nosé thermostat [8,9] at 300, 600, 800, 1000, 1200 and 1400 K. The Newton’s equation of motion was solved via the Verlet 
algorithm [10] with a time step of 2 fs for 300, 600 and 800 K and 1 fs at 1000, 1200 and 1400 K., and a total simulation time of 
∼80 ps. The AIMD simulations were performed on the (111) -point with energy cutoff of 360 eV and the X-C functional of PS. 
The coefficient of diffusion was determined at each temperature from a linear fitting as

             (S1)
𝐷 =  

1
2𝑑𝑡 

〈[Δ𝑟(𝑡)]2〉

where d is the dimension of diffusion, t is time, and ⟨[Δr(t)]2⟩ is the mean square displacement of sodium ions. Then activation 
energy Ea was found by fitting the Arrhenius equation, 

                                                                               (S2)𝐷 = 𝐷0𝑒𝑥𝑝( ‒ 𝐸𝑎/𝑘𝐵𝑇)

where D0 is the pre-exponential factor, kB is Boltzmann’s constant, and T is temperature. The sodium ionic conductivity σ was 
derived from the generalized Nernst−Einstein equation: 

                                                                                            (S3)
𝜎(𝑇) =  

𝑐𝑧2𝐹2

𝐻𝑅𝑅𝑇 
 𝐷(𝑇)

where c, z, F, and R are the molar density of sodium ions, the charge of a sodium ion, Faraday constant and gas constant 
respectively. The Haven ratio  takes into account a moderate degree of correlation between successive hops. For the few 𝐻𝑅 0.5

fast-ion conductors, where reliable  values are available, some degree of correlation is practically always noted (with typical 𝐻𝑅

Haven ratio values of ), so that  should be a more useful approximation than the common simplification 0.3 ≤ 𝐻𝑅 ≤  0.75 𝐻𝑅 0.5

=1 (i.e. no correlation). 𝐻𝑅

To identify the distribution of Na site occupancy (i.e. number of Na in the simulated unit cell divided by Wyckoff site multiplicity) 
and monitor the hops among the partially occupied Na sites, all frames from the ab-initio models of Na88Sn16M8S96 (M=P. Sb) were 
subdivided into a rectangular 448 grid. As there was no significant drift of the model, this grid was kept fixed over the runtime 
of the AIMD simulation. Of the resulting 128 volume elements 16 are occupied by the SnS4 tetrahedra, 8 by the MS4 tetrahedra 
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(M=P. Sb) and the remaining 104 volume elements are available for the Na. These 104 sites practically coincide with the Voronoi 
polyhedra of the 16f (Na1), 32g (Na2), 16d (Na3), 16c (Na4), 16e (Na5) and 8b (Na6) sites. A self-written analysis software tracked 
the motion of each Na in each time step to identify the frequency of hops. 

Correlations between the motion of Na and S atoms within the AIMD simulations are analysed with the help of the van Hove 
correlation functions. The Van Hove function G(r,t) is the probability density of finding a particle i in the vicinity of r at time t, 
knowing that a particle j has been at the origin at time t=0. The self- and distinct parts of the van Hove function are analysed 
separately, as they have distinct physical meanings. The self part Gs(r,t) represents the probability density of finding the same 
particle that was at the origin at time t = 0 at the distance r after a time interval t (i.e. the case i = j), while the distinct part Gd(r,t) 
represents the probability density of findig a different particle j (j≠i) at the distance r a time interval t after particle i had been at 
the origin. 

The modelling of pathways for mobile Na+ as regions of low bond valence site energy, EBVSE(Na), has been demonstrated to be a 
simple and reliable way of identifying transport pathways in local structure models, provided that the local structure model 
captures the essential features of the real structure. The bond length RNa-S between a Na+ cation and an anion S2- can with the 
help of tabulated empirical parameters R0,Na-S and bNa-S to an individual bond valence sNa-S (as seen in Eq. S4),

        sNa-S = exp[(R0,Na-S – RNa-S ) / bNa-S]                                                        (S4)

Both sNa-S and the bond valence sum mismatch |ΔV(Na)|, i.e. the deviation of the observed sum of all bond valences around a 
central Na+ from the expectation value (the formal valence of the ion), are conventionally expressed in arbitrary “valence units”. 
As elaborated by our group,[12,13,14] they can, however, be linked to an absolute energy scale by expressing the bond valence as 
a Morse-type interaction energy between cation Na+ and anion S2- as shown in Eq. S5, which brings the bond valence-related Morse 
term and the Coulomb repulsion .term on the same scale.𝐸𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛

                                            (S5)

   𝐸𝐵𝑉𝑆𝐸(𝑁𝑎) = ∑
𝑥

𝐷0[ 𝑁

∑
𝑖 = 1

(( 𝑠𝑁𝑎 ‒ 𝑆

𝑠𝑚𝑖𝑛,𝑁𝑎 ‒ 𝑆
)2 ‒

2 ∙ 𝑠𝑁𝑎 ‒ 𝑆

𝑠𝑚𝑖𝑛,𝑁𝑎 ‒ 𝑆
)] + 𝐸𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛

The required bond valence parameters R0 and b are taken from our softBV database as published in ref. [15]. Migration pathways 
for Li+ are analyzed as regions of low bond valence site energy EBVSE(Na) in grids spanning the structure model with a resolution 
of ca. (0.1-0.2 Å)3. Starting from an analysis of local minima and saddle points of EBVSE(Na), the grid analysis utilizes a modified 
Dewar, Healy and Stewart (DHS)-related path finding algorithm to identify low energy paths connecting the local site energy 
minima. For the purpose of analyzing EBVSE(A) landscapes, Coulomb repulsions are considered only between mobile and immobile 
cations. Coulomb attraction terms are generally integrated into the Morse attraction term. The charge screening is based on an 
error function complement term Erepulsion as indicated in equation S6,

                                 (S6)

  𝐸𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛(𝐴 ‒ 𝐵) =
𝑞𝐴𝑞𝐵

𝑅𝐴 ‒ 𝐵
⋅ 𝑒𝑟𝑓𝑐( 𝑅𝐴 ‒ 𝐵

𝑓 ⋅ (𝑟𝐴 + 𝑟𝐵))
where rA, rB are the covalent radii of the respective cation (or anion) pair A, B and f is a screening factor (typically of the order f  
0.75) that is empirically linked to the electronegativity distribution in the respective crystal structure. In practice, our software tool 
varies f for each compound before calculating the pathways to achieve ambient pressure when using the softBV forcefield. Both 
the Morse-type interactions and the Coulomb-repulsion terms are force-shifted to ensure zero energy gradients at the cut-off 
distance. 

Our samples of Na11Sn2PS12 and Na11Sn2PS12 contained 208 atoms. We built Na11Sn2PS12 and Na11Sn2SbS12 samples possessing 
I41/acd space symmetry containing 208 atoms. The initial sizes of the systems were 13.608 × 13.608 × 27.159 Å for Na11Sn2PS12 

and 13.829 × 13.829 × 27.159 Å 16 Sn atoms were placed in the 16e Wyckoff sites, 8 P (or Sb) atoms were places in 8a sites, 96 S 
atoms were placed in 32g sites in such a way that they formed SnS4 and PS4 (SbS4) tetrahedra that delimit wide Na+-ion channels 
along the c axis and within the ab planes. Na atoms could occupy 88 positions from 16f (Na1), 32g (Na2), 16d (Na3), 16c (Na4), 16e 
(Na5) and 8b (Na6) as in ref. [8], cf. Table S.1. 
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Figure S.1. Semilogarithmic plots of the self part self part 4 r2Gd(r) (top) and distinct part Gd(r) (bottom) of the van Hove correlation function for the Na atoms in the AIMD simulations 
of Na11Sn2PS12 at 300 – 1200 K over 20, 40 or 80 ps as a function of the radial distance r. 
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Figure S.2. Semilogarithmic plots of the distinct part Gd(r) of the van Hove correlation function for the S atoms in the AIMD simulations of Na11Sn2PS12 at 500 – 1000 K over 20 or 80 
ps as a function of the radial distance r. Graphs in the top row refer to the S atoms within PS4 groups, where for T ≥ 600 K a peak at  r < 2 Å appears. This shows that the original S 
left the site and a different S can occupy this site by the rotation of the PS4 groups. Graphs in the bottom row refer to the S atoms within SnS4 groups. In that case the original S 
vibrates around the same position, so that no other S can assume this position. Consequently, Gd(r) for r < 2 Å remains zero at all displayed temperatures.

Figure S.3. Mean square displacement of Na ions for long-time simulation of Na11Sn2PS12 at 600 K as function of simulation time in x-, y- and z-directions.
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2. Starting structure models

Table S.1 Atomic positions and occupancies for Na11Sn2PS12 (taken from [16]) and Na11Sn2SbS12 (occupancies taken from [17] for Na11.25Sn2.25Sb0.75S12) samples.  

Atom Wyckoff site Occupancy for 
Na11Sn2PS12

Occupancy for 
Na11.25Sn2.25Sb0.75S12

x y z

Na1 16f 0.98 0.97 0.2615 0.0115 -0.1250
Na2 32g 0.83 0.95 0.0103 -0.0168 -0.1254
Na3 16d 0.82 0.95 0 0.2500 0.0075
Na4 16c 0.93 0.83 0 0 0
Na5 16e 0.95 0.98 0.2500 0.2748 0
Na6 8b 0.12 0 0 -0.25 -0.1250

P (Sb) 8a 1 1 0 -0.2500 0.1250
Sn 16e 0.95 1 0.2500 0.0249 0
S1 32g 0.95 1 0.0843 -0.1604 0.0817
S2 32g 1 1 0.1477 0.1244 0.0503
S3 32g 1 1 0.1512 -0.0765 -0.0513
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3. Summary of decomposition energies and volume/atom data

Table S.2. Synopsis of decomposition energies and volume/atom data of tertiary and quaternary compounds Na9+xSnxP3-xS12 and Na9+xSnxSb3-xS12. from this work as well as from 
literature computational or experimental data. 

Method Decomposition energy (eV/atom)a) Volume (Å3/atom)

Na3PS4 PBE, this work 21.973

PBE, (16) 22.019

PBEsol,  this work 20.892

PBEsol, (16) 20.946

Expt., (ICSD) 21.373

Na4SnS4 PBE, this work 24.477

PBEsol,  this work 21.557

Expt., (ICSD) 23.714

Na3SbS4 PBE, this work 24.018

PBEsol,  this work 22.746

Expt., (ICSD) 23.038

Na11Sn2PS12 PBE, this work -3.301 25.048

PBE, (16) -1.906 25.056

PBE, (18) 14.5 25.061

PBEsol, this work 2.952 23.916

PBEsol, (16) 2.979 23.508

Expt. (16) 24.1

Expt. (19) 24.258

Expt. (20) 24.178

PBE, (21) ~3 24.673

Expt,. (22) 24.261

PBE, this work 6.51 25.318Na11Sn2PS12 

(quenched from 1200 K)

Na10SnP2S12 PBE, this work 6.248 25.757

PBE, (16) 11.312 26.125

PBE, (18) 18.06

PBE, (23) 7.1 25.543

Expt., (16) 23.677 24.728

Na11Sn2SbS12 PBE, this work -3.234 26.838

PBEsol, this work 3.80 24.683

Expt., (17) 25.3

Expt., (23) 25.17

a) relative to the corresponding ternary compounds. 
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4. Effect of phase transition on structure and ion mobility

Figure S.4 Correlation between the occupancy of the Na6 site and the vacant sites in the surrounding group in the high temperature phase AIMD simulations of Na11Sn2PS12 (red 
squares) and Na11Sn2PS12 (red squares). The dotted line represents a linear regression over all data as a guide to the eye.

Figure S.5 Correlation between the volume per atom of relaxed structure models “quenched” from the final states of AIMD simulations and the AIMD temperature as a measure for 
the state of disorder. 

Figure S.6 Top and side views of Na11Sn2PS12 at the end of the 80 ps NVT AIMD runs at T = 1000 K and T = 1200 K as well as of the relaxed structures derived from the above by 
geometry optimization (“quenching”). Na sites are marked as green spheres, SnS4 (PS4) as grey (brown) tetrahedra. 
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Na11Sn2PS12 quenched from 1200 K:

Na11Sn2PS12 quenched from 1000 K:

Na11Sn2PS12, snapshot from AIMD at 500 K 

Na11Sn2PS12, lowest energy configuration (“0 K”):
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Na11Sn2PS12, average structure model from single crystal X-ray diffraction at T = 293 K [20]

“Na11.08Sn2PS12”, average structure model from Synchrotron powder XRD at T = 295 K [20]

“Na10.84Sn2PS12”, average structure model from Synchrotron powder XRD at T = 100 K [20]

Na10.75Sn1.75P1.25S12, lowest energy configuration (“0 K”):
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Na11.25Sn2.25P0.75S12, lowest energy configuration (“0 K”):

Na10SnP2S12, lowest energy configuration (“0 K”):

Figure S.7 Bond valence site energy models of barriers in energy landscapes for Na+ migration in Na11Sn2PS12 derived from the quenched structure models at T = 1200 K, 1000 K, an 
AIMD snapshot at T= 500K, and various lowest energy configurations as well as average structures from literature X-ray diffraction studies. In all graphs the y-axis indicates the Na 
bond-valence site energy (BVSE) in eV relative to the BVSE minimum in the respective local structure model. The text line above each graph indicates the effective migration barriers 
for 1-, 2- or 3-dimensional percolation through the pathway network (in eV).  
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                                             (a) “ 0 K “                                                                                       (b) 500 K  

 
                                         (c) 1000 K                                                                               (d)   1200 K

Figure S.8 Structure models superimposed on isosurfaces of constant bond valence site energy (BVSE) as a representation of the energy landscapes for Na+ migration in Na11Sn2PS12 
(a) the lowest energy configuration (“0 K”), or quenched from (b) T = 500 K, (c) T = 1000 K or (d) T = 1200 K and. In all graphs the same three isosurface values are chosen relative to 
the minimum BVSE(Na) in the respective structure model: 0.25 eV (red), 0.35 eV (orange) and 0.47 eV (yellow). Besides the pathways in the anion-ordered structures at T ≤500 K, 
the anion disorder in samples quenched from higher temperatures leads to a change in pathway topology. 
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5. Description of cif files supplied as Electronic Supplementary Information
1) The lowest energy structure of Na10SnP2S12: na10snp2s12.cif
2) The lowest energy structure of Na10SnSb2S12: na10snsb2s12.cif
3) The lowest energy structure of Na11Sn2PS12: na11sn2ps12_1.cif
4) The second lowest energy structure of Na11Sn2PS12: na11sn2ps12_2.cif
5) The lowest energy structure of Na11Sn2SbS12: na11sn2sbs12_1.cif
6) The structure of Na11Sn2PS12, containing 7Na2 and 1Na3 vacancies: na11sn2ps12_1na3.cif
7) The structure of Na11Sn2PS12, containing 6Na2 and 2Na3 vacancies: na11sn2ps12_2na3.cif
8) The structure of Na11Sn2PS12, containing 5Na2 and 3Na3 vacancies: na11sn2ps12_3na3.cif
9) The structure of Na11Sn2PS12, containing 7Na2 and 1Na1 vacancies: na11sn2ps12_na1.cif
10) The structure of Na11Sn2PS12, containing 7Na2 and 1Na4 vacancies: na11sn2ps12_na4.cif
11) The structure of Na11Sn2PS12, containing 7Na2 and 1Na5 vacancies: na11sn2ps12_na5.cif
12) The lowest energy structure of Na10.75Sn1.75P1.25S12 (= Na86Sn14P10S96): na86sn14p10s96.cif
13) The lowest energy structure of Na10.75Sn1.75Sb1.25S12 (= Na86Sn14Sb10S96): na86sn14sb10s96.cif
14) The lowest energy structure of Na10.875Sn1.875P1.125S12 (= Na87Sn15P9S96): na87sn15p9s96.cif
15) The lowest energy structure of Na10.875Sn1.875Sb1.125S12 (= Na87Sn15Sb9S96): na87sn15sb9s96.cif
16) The lowest energy structure of Na11.125Sn2.125P0.875S12 (= Na89Sn17P7S96): na89sn17p7s96.cif
17) The lowest energy structure of Na11.125Sn2.125Sb0.875S12 (= Na89Sn17Sb7S96): na89sn17sb7s96.cif
18) The lowest energy structure of Na11.25Sn2.25P0.75S12 (= Na90Sn18P6S96): na90sn18p6s96.cif
19) The lowest energy structure of Na11.25Sn2.25Sb0.75S12 (= Na90Sn18Sb6S96): na90sn18sb6s96.cif
20) The structure of Na11Sn2PS12 after 80ps of AIMD at 300K: na11sn2ps12_300K.cif
21) The structure of Na11Sn2PS12 after 80ps of AIMD at 500K: na11sn2ps12_500K.cif
22) The structure of Na11Sn2PS12 after 80ps of AIMD at 800K: na11sn2ps12_800K.cif
23) The structure of Na11Sn2PS12 after 80ps of AIMD at 1000 K and relaxation na11sn2ps12_1000K-quenched.cif
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