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Abstract: The rational development of fast–ion-conducting solid electrolytes for all-solid-state
lithium-ion batteries requires understanding the key structural and chemical principles that give
some materials their exceptional ionic conductivities. For the lithium argyrodites Li6PS5X (X =
Cl,Br, I), the choice of the halide, X, strongly affects the ionic conductivity, giving room-temperature
ionic conductivities for X = {Cl,Br} that are ×103 higher than for X = I. This variation has been
attributed to differing degrees of S/X anion disorder. For X = {Cl,Br} the S/X anions are substi-
tutionally disordered, while for X = I the anion substructure is fully ordered. To better understand
the role of substitutional anion disorder in enabling fast lithium-ion transport, we have performed
a first-principles molecular dynamics study of Li6PS5I and Li6PS5Cl with varying amounts of S/X
anion-site disorder. By considering the S/X anions as a tetrahedrally close-packed substructure, we
identify three partially occupied lithium sites that define a contiguous three-dimensional network
of face-sharing tetrahedra. The active lithium-ion diffusion pathways within this network are found
to depend on the S/X anion configuration. For anion-disordered systems, the active site–site path-
ways give a percolating three-dimensional diffusion network; whereas for anion-ordered systems,
critical site–site pathways are inactive, giving a disconnected diffusion network with lithium motion
restricted to local orbits around S positions. Analysis of the lithium substructure and dynamics
in terms of the lithium coordination around each sulfur site highlights a mechanistic link between
substitutional anion disorder and lithium disorder. In anion-ordered systems the lithium ions are
pseudo-ordered, with preferential 6-fold coordination of sulfur sites. Long-ranged lithium diffusion
would disrupt this SLi6 pseudo-ordering, and is therefore disfavoured. In anion-disordered systems,
the pseudo-ordered 6-fold S–Li coordination is frustrated due to Li–Li Coulombic repulsion. Lithium
positions become disordered, giving a range of S–Li coordination environments. Long-ranged lithium
diffusion is now possible with no net change in S–Li coordination numbers. This gives rise to superi-
onic lithium transport in the anion-disordered systems, effected by a concerted string-like diffusion
mechanism.

I. INTRODUCTION

Lithium-ion–conducting solid electrolytes are consid-
ered candidate materials for use in future all–solid-
state lithium-ion batteries [1–3]. Present-day commercial
lithium-ion batteries use liquid-organic electrolytes; these
are flammable, raising safety issues, and have narrow
electrochemical stability windows, preventing their use
with energy-dense high-voltage electrodes. One possible
solution is to instead use solid electrolytes, which ide-
ally should be electrochemically inert, mechanically ro-
bust, have negligible electronic transport, and have high
lithium-ion conductivities [4].

Although a number of highly conducting solid lithium-
ion electrolytes are known, none meet all the criteria for
general commercial use [1, 4–6]. Identifying new solid
lithium-ion electrolytes is an active area of research [3],
with strategies ranging from targeted chemical modifica-
tion of known solid electrolytes, to improve their conduc-
tivities [7–11], to high-throughput screening of new mate-
rials [12–15]. In both cases, it is useful to understand why
some materials are highly-conducting, yet others are not
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[3, 16–20]. Such understanding can help inform chemical
strategies for optimising the ionic conductivities of known
materials, or can provide selection criteria for identify-
ing new promising electrolytes. Particular insight can be
gained from studying families of solid electrolytes that
are superficially similar—such as those that share a com-
mon structural motif–––but that exhibit quite different
ionic conductivities [2, 19], as this can help reveal the
fundamental mechanisms and key material characteris-
tics that govern fast-ion conduction.

One family of promising lithium-ion solid-electrolytes
are the lithium argyrodites Li6PS5X (X = Cl, Br,
I) [11, 21–25]. While Li6PS5Cl and Li6PS5Br ex-
hibit high room-temperature ionic conductivities (σRT ≈
10−3 S cm−1), Li6PS5I is considerably less conductive
(σRT ≈ 10−6 S cm−1) [26, 27]. The large difference be-
tween X = {Cl,Br} and X = I is notable because these
three materials have topologically identical crystal struc-
tures, suggesting the same lithium-ion diffusion pathways
should exist in each system. This inverse correlation be-
tween anion size and ionic conductivity also runs counter
to the trend seen in other families of solid electrolytes, for
example, thio-LISICON and NASICON, in which larger,
more polarisable, less electronegative anions are associ-
ated with increased ionic conductivities [2]—with this re-
lationship often attributed to a combination of larger an-
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ions giving an increased accessible volume for the diffus-
ing lithium ions and weaker lithium–anion electrostatic
interactions.

A partial explanation for the ionic conductivity trend
in the Li6PS5X argyrodites comes from the observation
that in these materials high conductivities are corre-
lated with substitutional S/X anion disorder [23, 27].
In Li6PS5I the anions are fully ordered, and S and I
atoms each fully occupy crystallographically distinct 4c
and 4a Wyckoff positions, respectively. In Li6PS5Cl and
Li6PS5Br the S and Cl, or S and Br, atoms are substitu-
tionally disordered, which has been attributed to their
similar ionic radii [11, 24, 28] giving a low formation
energy for S/X antisites [29, 30]. Molecular dynamics
simulations of Li6PS5X in which the degree of S/X dis-
order has been systematically varied provide additional
evidence for a causal link between anion substitutional
disorder and fast lithium-ion transport [22, 30–34].

Simulations performed on Li6PS5X models with fully-
ordered S/X atoms predict low lithium diffusion coeffi-
cients and highly localised lithium motion, with lithium
ions restricted to discrete “cages” surrounding the S
atoms. In contrast, simulations performed on S/X-
disordered models predict high lithium diffusion coeffi-
cients, with lithium ions moving through a contiguous
three-dimensional diffusion network. Despite this exper-
imental and computational evidence linking lithium-ion
conductivities in Li6PS5X argyrodites with the degree
of S/X disorder, a mechanistic model that explains this
relationship is currently lacking.

To address this question, we have performed a first-
principles molecular dynamics study of Li6PS5I and
Li6PS5Cl with varying amounts of S/X anion-site dis-
order. We find that the lithium substructure can be gen-
erally described in terms of partial occupation of three
crystallographically distinct tetrahedral sites that define
a contiguous three-dimensional network. The pattern of
active and inactive lithium-ion diffusion paths within this
network, however, depends on the degree of S/X dis-
order. In anion-ordered systems, lithium site positions
are displaced towards neighbouring sulfur sites due to
electrostatic S–Li attraction, giving an ordered pattern
of “inactive” site–site paths. In anion-disordered sys-
tems, however, the lithium site positions are statically
disordered, and the set of active site–site paths forms a
percolating three-dimensional network that permits long-
ranged lithium diffusion.

We also have analysed our simulation trajectories by
considering clusters of lithium ions as “coordination poly-
hedra” located around S anions. This perspective pro-
vides insight into the spatial correlations and collective
dynamics in these groups of lithium ions. In the anion-
ordered systems, the lithium-ions are pseudo-ordered,
and preferentially form 6-coordinate polyhedra around
sulfur atoms. While lithium movement within these SLi6
units is frequent, lithium exchange between SLi6 units
is rare on a simulation timescale. We explain this by
considering lithium exchange as a form of “defect forma-
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FIG. 1. Top panel: The MgCu2 structure with Mg (blue)
occupying 8a sites and Cu (yellow) occupying 16d sites. The
centre of each 16d tetrahedra is a vacant 8b site. Bottom
panel: The cubic argyrodite aristotype. Half of the Fd3̄m
8b sites are occupied by P, becoming 4b sites in the reduced-
symmetry F 4̄3m space group, while the Fd3̄m 8a sites are
split into symmetry inequivalent F 4̄3m 4a and 4c sites [35,
36].

tion”, which is energetically disfavoured. In the anion-
disordered systems, however, strong Coulombic interac-
tions between nearby lithium ions frustrate the otherwise
preferable 6-fold S–Li coordination, producing a range
of disordered SLix (x ≥ 6) coordination environments.
Lithium movement between coordination polyhedra is
now possible without a net change in S–Li coordina-
tion, making long-ranged lithium diffusion a viable low-
energy process. Further analysis of the dynamical corre-
lations between mobile lithium ions reveals a concerted
string-like “superionic” diffusion mechanism in the anion-
disordered argyrodites. These results provide a mecha-
nistic explanation for the exceptional ionic conductivities
of anion-disordered Li6PS5X argyrodites, and show how
configurational framework disorder in solid electrolytes
can cause static disorder amongst mobile ions, which con-
sequently facilitates superionic conductivity.

II. STRUCTURAL CONSIDERATIONS

The Li6PS5X argyrodites typically adopt a cation-
disordered cubic aristotype in the F 4̄3m space group,
which can be considered to be derived from the MgCu2

cubic Laves phase (Fd3̄m space group) [21, 35, 37]. In
MgCu2, the Mg sites (8a) form a diamond-structured
array, and the Cu sites (16d) form an interpenetrat-
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ing corner-sharing network of tetrahedra (Fig. 1, upper
panel). In Li6PS5X, the phosphorus atoms occupy only
half of the “Cu” tetrahedra, reducing the crystal symme-
try from Fd3̄m to F 4̄3m. The “Cu” sites (now denoted
16e) are fully occupied by S, forming a face-centered cu-
bic array of PS4 tetrahedra, and the “Mg” sites (now
split into 4a and 4c) are occupied by an equal ratio of S
and X anions (Fig. 1, lower panel) [35, 36]. In Li6PS5I
the anions are ordered, with I atoms fully occupying the
4a sites and S atoms fully occupying the 4c sites. In
Li6PS5Cl and Li6PS6Br the Cl/Br and S atoms are dis-
ordered, with both anions distributed over the 4a and
the 4c sites.

This three-dimensional arrangement of anions at 4a,
4c, and 16e positions defines a tetrahedrally close-packed
lattice [37–39]. The centres of these tetrahedra repre-
sent interstitial sites available to accommodate immobile
cations (such as P) or mobile lithium ions. In MgCu2 the
Mg and Cu positions define the vertices of three crystal-
lographically distinct tetrahedral sites. The lower crys-
tal symmetry of the argyrodites splits these into six dis-
tinct tetrahedral types, which are listed in Table I, and
were first described by Deiseroth et al. [36]. In Li6PS5X,
one set of tetrahedra (type 0) is occupied by phosphorus,
while the remaining tetrahedra (types 1–5) are available
to potentially accommodate lithium. The type 3 tetra-
hedra are centred on the 4d Wyckoff positions with four
16e sites as vertices, which they share with the type 0
PS4 tetrahedra. The remaining tetrahedra types 1, 2,
4, and 5 form face-sharing cages around the 4a and 4c
S/X sites. These cages each contain 28 tetrahedra, and
each tetrahedron represents one lithium interstitial site
(Fig. 2). The 4a and 4c coordination polyhedra are topo-
logically identical: each has twelve pentagonal faces and
four hexagonal faces, with the face-centres forming a 16-
vertex Frank-Kasper polyhedron [35, 40]. The hexagonal
faces of these coordination polyhedra are arranged tetra-
hedrally around each central S/X site and are comprised
of alternating type 2 and type 5 tetrahedral sites, which
are shared between adjacent 4a and 4c-coordination poly-
hedra.

In high-temperature modifications of Li6PS5X,
lithium is disordered over the available tetrahedral
sites types 1–5. X-ray single-crystal data for high-
temperature-Li6PS5I show that electron density associ-
ated with these disordered lithium ions is smeared out
over an extended region, but is predominantly associated
with type 5 tetrahedra [21, 36]. Subsequent neutron
diffraction studies have typically assigned Li in Li6PS5X
as primarily occupying either 48h sites—located within
the type 5 tetrahedra—or 24g sites—located at the
shared face between adjacent type 5 tetrahedral pairs
[23, 27, 41], and denoted as type 5a by Deiseroth et
al. [36]. The standard model for lithium diffusion in
Li6PS5X considers only these type 5 48h and type 5a 24g
positions, with microscopic lithium motion assumed to
occur as a sequence of stochastic “jumps” between these
sites [23, 28, 30, 32, 42–44]. Because type 5 tetrahedra

S/X (4c)

type 5 (48h)

type 2 (48h)

type 1 (16e)

X/S (4a)

P (4b)

S/X (4c)

type 5 (48h)

type 2 (48h)

type 4 (16e)

X/S (4a)

type 3 (4d)

FIG. 2. (Top) The centres of the 28 tetrahedral sites sur-
rounding each 4c position. These define a truncated triakis
tetrahedron [40], centered inside a cube of neighbouring 4a
and 4c sites. (Bottom) Each 4a site is coordinated by a topo-
logically identical set of sites, centered inside a cube of 4a
and 4b sites. The lithium-site coordination polyhedra around
neighbouring 4a and 4c sites are linked by shared hexagonal
faces consisting of type 2 and type 5 positions.

form disconnected face-sharing pairs, a description of
lithium transport that only considers the type 5 and
type 5a sites is necessarily incomplete: any lithium
motion beyond simple hopping back-and-forth within
paired type 5 sites must involve other tetrahedral site
types [45].

The capacity for non-type 5 tetrahedra to accommo-
date lithium may therefore determine the degree to which
lithium can diffuse through the structure. Some compu-
tational evidence for the role of non-type 5 tetrahedra
in lithium diffusion in Li6PS5X argyrodites comes from
previous bond-valence calculations, which predict three
distinct lithium sites [26, 27, 29]. Non-type 5 sites have
also been identified in recent neutron diffraction studies
of Li6PS5Br and Li6PS5Cl [46, 47], as well as in lithium-
argyrodites with lithium stoichiometries x(Li) > 6 [48–
50]. A general mechanistic description of lithium conduc-
tion in lithium-argyrodites that describes the role of dif-
ferent lithium sites and that can explain the relationship
between substitutional anion disorder and fast lithium
transport, however, is currently lacking.
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Type Wyckoff notation for Comments
tetrahedron centre

0 4b (P) Centre of PS4 tetrahedra.
1 16e 4-fold coordination of 4c sites.
2 48h 12-fold coordination of 4a and 4c sites. Form face-sharing pairs around 4a sites.
3 4d Four common corners with neighbouring PS4 tetrahedra.
4 16e 4-fold coordination of 4a sites.
5 48h 12-fold coordination of 4c and 4a sites. Form face-sharing pairs around 4c sites.

TABLE I. Tetrahedral holes formed by the close-packed S/X anion substructure in Li6PS5X (F 4̄3m, setting 2), following the
classification of Deiseroth et al. [36].

III. METHODS

To simulate lithium dynamics in Li6PS5I and
Li6PS5Cl, we have performed a series of ab initio molec-
ular dynamics simulations using VASP [51, 52]. For
all calculations we have used the revised Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA)
PBEsol exchange-correlation functional [53]. Interac-
tions between core and valence electrons were described
using the projector augmented wave (PAW) method [54],
with cores of [He] for Li, [Ne] for P, [Ne] for S, [Ne] for Cl,
and [Kr] for I. Zero-pressure volumes were calculated for
ordered Li6PS5I and Li6PS5Cl, with the 4c sites occupied
by S, and the 4a sites occupied by I or Cl. These calcula-
tions consisted of full geometry optimisations for a single
unit cell (52 atoms) starting from the Materials Project
structure ID-985592 [55], with a cut-off of 700 eV, and a
2× 2× 2 Monkhorst-Pack k-point mesh. The optimised
lattice parameters were then used to construct 2× 2× 2
supercells (416 atoms) for the subsequent molecular dy-
namics simulations.

The molecular dynamics simulations used a plane-wave
cut-off of 280 eV and only the gamma point for k-space
sampling. All MD simulations were performed at 500 K,
and used a time-step of 2 fs. For both Li6PS5I and
Li6PS5Cl we have considered three different S/X con-
figurations: 0 % site-inversion, with S fully occupying
the 4c sites and X fully occupying the 4a sites, corre-
sponding to the experimentally reported ordered Li6PS5I
structure; 50 % site-inversion, with a random S/X con-
figuration that approximates the experimentally reported
disordered Li6PS5Cl structure; and 100 % site-inversion,
with S fully occupying the 4a sites and X fully occupy-
ing the 4c sites. The same randomly generated 50 % site-
inverted S/X configuration was used for the Li6PS5I 50 %
and Li6PS5Cl 50 % simulations. For each system, the lat-
tice parameters were kept fixed to the zero-pressure 0 %
optimised values. For each MD simulation two equilibra-
tion stages were performed, first using a 2 ps NVE run
with temperature rescaling every 50 steps, followed by a
2 ps NVT run. For each simulation, the production runs
were 70 ps.

The analysis of MD simulation trajectories is often
complicated by “trivial” thermal motions of the mobile
ions and of the host framework. Here, we are interested in

non-trivial lithium displacements that contribute to net
lithium diffusion, rather than short-timescale vibrational
motion. To help resolve the lithium-diffusion processes in
our simulations, we have extracted a series of “inherent”
structures [56–58] from each simulation trajectory by per-
forming conjugate-gradient geometry optimisations for
configurations selected every 50 time-steps. Each inher-
ent structure represents a local minimum on the corre-
sponding 3N -dimensional potential energy surface, and
the sequences of inherent structures from a given simu-
lation describe the non-trivial motion of lithium ions as
they move between these local minima.

A dataset containing inputs and outputs for all DFT
calculations supporting this study is available under the
CC-BY-4.0 licence from the University of Bath Research
Data Archive [59]. All code used to analyse the simula-
tion trajectories and to generate the corresponding fig-
ures is available as a series of Jupyter notebooks [60] un-
der the MIT licence. Our analysis used the matplotlib
[61], numpy [62], pymatgen [63, 64], scipy [65], tqdm
[66], vasppy [67], site-analysis [68], polyhedral-
analysis [69], kinisi [70], and crystal-torture [71]
Python packages.

IV. RESULTS

Lithium Mean-Squared Displacements. The rate at
which individual lithium ions diffuse through a solid elec-
trolyte is described by the lithium self-diffusion coeffi-
cient, which can be calculated from molecular dynam-
ics simulations as the slope of the lithium mean-squared
displacement (MSD) versus time, in the long time limit
[72]. Fig. 3 shows calculated lithium mean-squared dis-
placements for Li6PS5I and Li6PS5Cl with 0 %, 50 %, and
100 % S/X site inversion. For both X = I and X = Cl,
for the anion-ordered systems (0 % and 100 % site in-
version) the MSD initially increases, before plateauing
at longer times, giving an effective lithium diffusion co-
efficient of zero. These plateaus indicate that in the
anion-ordered systems the lithium ions do not diffuse
freely, but instead are confined to small disconnected
regions of space. The MSDs of the anion-disordered
systems (50 % site inversion) show qualitatively differ-
ent behaviour: these MSDs continually increase at long
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FIG. 3. Mean-squared displacement (MSD) of lithium ions
for Li6PS5I and Li6PS5Cl with 0 %, 50 %, and 100 % S/X
site inversion. Shaded regions show estimated 95% confi-
dence intervals, calculated at each time interval via bootstrap
sampling[73]. Source: The raw data and scripts used to gen-
erate this figure are available under CC-BY-4.0/MIT licences
as part of Ref. [60].

times, corresponding to non-zero diffusion coefficients
and long-ranged lithium diffusion. These results are con-
sistent with data from previous molecular dynamics sim-
ulations [22, 30–32], and highlight two interesting points.
First, the diffusion behaviour is qualitatively the same for
X = I and X = Cl, as noted previously by Stamminger
et al [30]. Second, lithium caging is observed for both
0 % and 100 % site inversion, showing that long-ranged
lithium diffusion is not a first-order consequence of occu-
pying 4a sites with sulfur, but that instead anion disorder
across the 4a and 4c sites is the necessary prerequisite.

Tetrahedral Site Occupations. The qualitative differ-
ence in diffusion behaviour between anion-ordered and
anion-disordered Li6PS5X suggests that the arrangement
of anions in each system directs the microscopic lithium
diffusion mechanism. To examine the relationship be-
tween anion configuration and diffusion behaviour, we
can calculate the time-averaged tetrahedral site-type
populations for each simulation trajectory. To assign
lithium ions to specific sites at each time-step, we use
the instantaneous positions of the S/X anions to define
the tetrahedra vertices. A lithium ion is deemed to oc-
cupy a particular tetrahedron if it sits inside the volume
defined by these vertex positions [74].

Fig. 4 shows the time-averaged probabilities for a
lithium ion to occupy each of the six tetrahedral site
types, calculated using the inherent structures from each

0.0 0.2 0.4 0.6 0.8 1.0
100%

50%

0%

Li6PS5I

0.0 0.2 0.4 0.6 0.8 1.0
P(site)

100%

50%

0%
Li6PS5Cl

type 5 type 2 type 4

P(site)

FIG. 4. Time-averaged probabilities for a lithium ion to oc-
cupy a particular tetrahedral site type, for (a) Li6PS5I and
(b) Li6PS5Cl with 0 %, 50 %, and 100 % S/X site inversion.
Source: The raw data and scripts used to generate this fig-
ure are available under CC-BY-4.0/MIT licences as part of
Ref. [60].

simulation trajectory. Each atomic configuration used
in this analysis therefore corresponds to a local poten-
tial energy minimum. For all systems, lithium ions are
most likely to occupy type 5 tetrahedra. This is broadly
consistent with previous diffraction studies of Li6PS5I
(anion-ordered) and Li6PS5Cl (anion-disordered), which
have assigned lithium as predominantly occupying two
positions associated with the type 5 tetrahedra: the 48h
positions located inside each type 5 tetrahedron, and the
24g positions (type 5a sites) in the trigonal faces shared
by type 5 tetrahedra pairs [21, 36, 75].

In all six systems, we find some proportion of lithium
ions located at non-type 5 tetrahedra. For 0 % site-
inverted Li6PS5I, lithium partially occupies tetrahedra
types 5 and 2. In all the other systems lithium is dis-
tributed over tetrahedra types 5, 2, and 4. The possibility
of lithium occupying non-type 5 tetrahedra in Li6PS5X
argyrodites has been discussed in detail by Deiseroth et
al. [36], who noted that lithium ions must pass through
non-type 5 tetrahedra for long-ranged lithium transport
to occur [45].

The observation of partial occupation of non-type 5
tetrahedra is qualitatively consistent with recent neutron
diffraction studies of Li6PS5Br and Li6PS5Cl, which have
reported partial occupation of type 2 tetrahedra [46, 47].
The study of Minafra et al. also reported data for Li6PS5I
[46], with lithium assigned only to type 5 and type 5a
sites, in apparent contradiction to the simulation results
presented here. Experimental samples of Li6PS5I are
fully anion-ordered, and are approximated by our 0 % site
inversion model. For this system our simulations predict
only 2.5 % of Li occupies type 2 sites, which is unlikely to
be resolved in diffraction experiments. Similarly, we pre-
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FIG. 5. Transition matrices showing the probabilities for
lithium ions to move from site type i (rows) to site type j
(columns), in 0 %, 50 %, and 100 % site-inverted Li6PS5X.
Each row sums to a total probability of 1.0. Individual prob-
abilities are shown rounded to 2 decimal places. Source: The
raw data and scripts used to generate this figure are available
under CC-BY-4.0/MIT licences as part of Ref. [60].

dict very low numbers of lithium ions occupy type 4 sites,
making direct experimental observation challenging.

In each system, the partially occupied tetrahedra de-
fine the set of pathways available for possible lithium
diffusion. The relationship between the degree of anion-
site inversion and lithium diffusion (cf. Fig. 3), however,
is not explained by the varying occupations of these
tetrahedral sites (Fig. 4). All six models predict par-
tial occupation of both type 5 and type 2 tetrahedra,
with type 2 occupation increasing with greater anion
site-inversion. The set of all type 5 and type 2 tetra-
hedra forms a three-dimensional network of face-sharing
tetrahedra, and we might therefore expect all systems
to exhibit long-ranged lithium diffusion. Yet this is
not the case, as only the 50 % site-inverted systems ex-
hibit long-ranged lithium diffusion. All systems apart
from 0 % site-inverted Li6PS5I also exhibit partial type 4
tetrahedral occupation, which further increases the con-
nectivity of the three-dimensional tetrahedral network
(Fig. 6(a)), and provides additional potential pathways
for long-ranged diffusion. As is the case for increasing
the occupation of type 2 tetrahedra, an increase in the
occupation of the type 4 occupation is similarly not cor-
related with increased lithium diffusion. The 100 % site-

disordered Li6PS5X models have the highest probabili-
ties of occupying both type 2 and type 4 tetrahedra, yet
exhibit no long-ranged Li diffusion.

Site–Site Transition Probabilities. The lack of direct
correlations between the tetrahedral site-type occupa-
tions and the calculated diffusion data indicates that
the varying capacities for long-ranged diffusion in the
Li6PS5X argyrodites is not a simple consequence of
whether lithium does or does not partially occupy non-
type 5 sites. Instead, we consider the possibility that it
is not simply the occupations of the different tetrahedral
sites that is important, but that the anion configuration
may crucially affect whether the diffusion pathways con-
necting these sites are active or inactive. To determine
the active diffusion paths in each system, we have anal-
ysed our inherent structure trajectories to identify tran-
sition events, defined as a lithium ion moving from one
tetrahedral site to a neighbouring site. We can then cal-
culate the probability that a lithium ion initially occupy-
ing site type i subsequently moves to another site of type
j, averaged over all observed transitions, for each i→ j
pairing. Fig. 5 shows transition matrices of the proba-
bilities P (i→ j). In each matrix, each row corresponds
to a different initial site type (2, 4, or 5) and each non-
blank entry in that row gives the observed probability
of moving to a given adjacent site type. For 0 % anion
site-inversion, only 5→ 5, 5→ 2, and 2→ 5 transitions oc-
cur. With no 2→ 2 or 5→ 4 transitions, no long-ranged
diffusion is possible, and lithium motion is restricted to
closed “cages” around the 4c sites (see Fig. 6(b)) [76]. For
100 % site-inversion we observe only 2→ 2, 5→ 2, and
5→ 4 transitions. Long-ranged diffusion is now blocked
by the inactive 5→ 5 transition, again giving to restricted
lithium diffusion around the 4a sites (see Fig. 6(c)). For
50 % site-inversion, however, all jump types are observed,
which is consistent with the existence of a contiguous
diffusion network that can accommodate long-ranged Li
diffusion; Li can now move around 4a sites and 4c sites.
We therefore find that lithium motion between different
tetrahedral sites is dependent on the local S/X anion con-
figuration, which gives rise to a qualitative difference in
active lithium diffusion pathways between anion-ordered
and anion-disordered Li6PS5X systems, as well as be-
tween models with 0 % and 100 % site inversion.

Time-Average Site Positions and Site–Site Percola-
tion. As discussed in section II, all argyrodites pos-
sess topologically identical MgCu2-structured anions,
and therefore have equivalent tetrahedral interstitial sites
available for lithium diffusion. Understanding why a spe-
cific arrangement of anions across the 4a and 4c sites
gives continuous versus discontinuous diffusion path-
ways requires going beyond the analysis presented above,
which only considers the occupation of specific tetrahedra
and the movement of lithium between these discrete sites.
In the mixed-anion Li6PS5X argyrodites, each tetrahe-
dral hole may have a mixture of S and X anions at its ver-
tices, giving an asymmetric coordination environment.
The equilibrium lithium position within a given tetrahe-
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FIG. 6. (a) Schematic of all possible site–site lithium diffusion pathways between face-sharing pairs of type 2, type 4, and type 5
tetrahedra. (b) In 0 % site-inverted Li6PS5I and Li6PS5Cl, only 5→ 5, 5→ 2, and 2→ 5 transitions are observed, corresponding
to “caged” diffusion around 4c sites. (c) In 100 % site-inverted Li6PS5I and Li6PS5Cl, only 2→ 2, 2→ 5, 5→ 2, 5→ 4 and 4→ 5
transitions are observed, corresponding to “caged” diffusion around 4a sites.

dron therefore may not be located at the “ideal” tetrahe-
dron centre. To understand how the S/X configuration
affects the lithium substructure, we have calculated av-
erage lithium positions within each tetrahedron from our
intrinsic structure trajectories. We have then considered
the distributions of site–site distances for each Li6PS5X
simulation. The radial distribution functions, g(r), for
specific pairs of these per-site average lithium positions,
are shown in Fig. 7.

For the 0 % site-inverted systems, the site–site rdfs
show sharp peaks, indicating a degree of ordering by the
lithium ions, and a clear hierarchy of site separations: the
shortest 5–5 separation is ∼1.2 �A, corresponding to pairs
of adjacent type 5 tetrahedra. The next-nearest separa-
tion is 5–2 at ∼1.5 �A, and the first 2–2 site separation
peak is at >2 �A. The 100 % site inverted systems also
show sharp rdf peaks and distinct short and long site–
site separations. Now the nearest-neighbour distances in-
crease in the order 2–2 < 5–4 < 5–2 < 5–5, with the first
5–5 peak at >2 �A. Comparing the positions of nearest-
neighbour first peak for each site-pair to the correspond-
ing site–site transition probabilities above (Fig. 5) shows
long inter-site distances correspond to “inactive” diffu-
sion paths, while short inter-site distances correspond to
“active” diffusion paths. The site–site rdfs for the 50 %
site-inverted systems show broader distributions, indicat-
ing a range of site–site separations and a somewhat disor-
dered lithium substructure. We find minimum inter-site
distances of < 1 �A for all four site–site distances. This
does not mean that all site–site distances are this short in
the 50 % disordered system. Instead we observe a contin-
uous range of short to long separations, indicating that
these anion-disordered systems the average lithium posi-
tions within each site are statically disordered.

In each system, the hierarchy of site–site distances
(Fig. 7) is correlated with the pattern of active and in-
active lithium–site-transitions described in the previous
section (Fig. 5). In the anion-ordered 0 % and 100 %
site-inverted systems, tetrahedral pairs with short site–
site distances exhibit active transitions, while transi-

tions between tetrahedral pair types with longer nearest-
neighbour distances are inactive. In the anion-disordered
50 % site-inverted systems, all combinations of face-
sharing tetrahedral pairs exhibit a range of short and
long site–site distances, and all site–site transitions are
observed.

This correlation between short or long site–site dis-
tances and active or inactive lithium–site-transitions sug-
gests a model wherein fast long-ranged lithium diffusion
in the anion-disordered systems is associated with a per-
colating network of short lithium site separations, while
non-diffusive motion in the anion-ordered systems is as-
sociated with a non-percolating disconnected network.
To test this model, for each system we have calculated
the minimum site—site separation distance at which the
average lithium positions at each site form a percolat-
ing network (Fig. 7). We find this threshold percolation
distance is significantly shorter for the anion-disordered
systems than for the anion-ordered systems. For both
the 0 % and 100 % site-inverted systems, the large 2–2 or
5–5 separations mean lithium motion is predominantly
constrained to local “cages” of closely separated sites,
surrounding the 4c or 4a positions respectively.

Anion–Lithium Radial Distribution Functions. The ef-
fect of ordered versus disordered anion configurations on
the lithium substructure is also evident in the S(4c/4a)–
Li and X(4a/4c)–Li radial distribution functions (Fig. 8).
In the anion-ordered 0 % and 100 % site-inverted systems,
the nearest-neighbour S–Li distances are shorter than the
nearest-neighbour X–Li distances. This corresponds to
a displacement of the Li site positions towards the S-
occupied 4c or 4a sites, and can be understood in terms
of simple electrostatics—positive lithium ions are more
strongly attracted to S2− ions than to X− ions. This
asymmetry in anion–lithium coordination is larger for
X = I than for X = Cl, due to the additional difference
in anion ionic radii. Because the S and X anions are crys-
tallographically ordered in these systems, a decrease of
Li-site distances to S-occupied 4c or 4a sites corresponds
to an increase of Li-site distances to X-occupied 4a or 4c
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FIG. 7. Lithium site–site radial distribution functions for
Li6PS5I and Li6PS5Cl at 0 %, 50 %, and 100 % anion-site-
inversion. For each set of data, the vertical dashed line shows
the minimum separation for which the lithium sites form a
percolating network. Source: The raw data and scripts used
to generate this figure are available under CC-BY-4.0/MIT
licences as part of Ref. [60].

sites, respectively. This pattern of short S–Li and long
X–Li distances, combined with the S/X ordering over 4c
and 4a sites, explains the Li–Li site distances discussed
in the previous section (Fig. 7), which then explains the
pattern of active and inactive lithium diffusion pathways
in these systems (Fig. 6). This effect, where an ordered
S/X anion substructure induces ordered displacements
in the lithium-site positions, is illustrated schematically
in Fig. 10 (a and b).

In the anion-disordered 50 % site-inverted systems, the
S–Li and X–Li nearest-neighbour distances are more sim-
ilar, and the corresponding peaks are broader. In partic-
ular, for 50 % site-inverted Li6PS5Cl the S–Li and X–Li
nearest-neighbour peaks coincide. In an anion-disordered
system, the Li sites experience a range of local coordina-

0 1 2 3 4 5
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FIG. 8. S(4a/4c)–Li and X(4a/4c)–Li radial distribution
functions, g(r), for Li6PS5I and Li6PS5Cl with 0 %, 50 %,
and 100 % S/X site inversion. Source: The raw data and
scripts used to generate this figure are available under CC-
BY-4.0/MIT licences as part of Ref. [60].

tion environments with different permutations of S and
X neighbouring anions. The average position of each
Li site now depends on the specific local anion environ-
ment. Because the S and X anions are disordered, the
arrangement of long Li site–site distances, which corre-
spond to inactive diffusion paths, is also disordered, al-
lowing a percolating network of shorter active diffusion
paths (Fig. 10(c)).

The average numbers of lithium ions around the S/X
4a and 4c sites can be calculated by integrating the rdf
data (Fig. 9). For Li6PS5X stoichiometry argyrodites
there are exactly six lithium ions per 4a/4c S anion.
For all the anion-ordered systems (0 % and 100 % site-
inversion) we find an average of n = 6 lithium ions around
the 4c or 4a S atoms, respectively, suggesting the struc-
ture can be described as 4c or 4a-centered SLi6 sub-units,
with X occupying the remaining 4a or 4c sites. For the
50 % systems, we find an average of n > 6 Li ions as-
sociated with each S atom, suggesting a more complex
lithium arrangement. Because the ratio of lithium to
4a/4c sulfur is consistently 6 Li to 1 S in all cases, an
average coordination number of n > 6 Li ions indicates
that some Li contributes to coordination of more than
one S centre.

Sulfur–Lithium Coordination Polyhedra. For a more
detailed description of the local S–Li coordination envi-
ronments, we have classified the local lithium coordina-
tion around each 4a or 4c sulfur according to the degree
of geometric similarity with respect to a set of reference
SLix coordination polyhedra. We consider a “coordina-
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as part of Ref. [60].

tion polyhedron” to consist of a single S atom residing at
a 4c or 4a site plus the set of lithium ions within a spheri-
cal cut-off rcoord, with the cut-off distance chosen to lie in
the first plateau region from Fig. 9. For each coordination
polyhedron, we can quantify the geometric similarity to a
given reference polyhedron, such as a perfect octahedron,
by calculating the corresponding Continuous Symmetry
Measure (CSM) [77]. The CSM can be thought of as
a normalised “distance” between two polyhedral geome-
tries: larger CSM values indicate larger deviations from
the reference geometry. Here, we classify each coordi-
nation polyhedron geometry by computing CSM values
with respect to a set of common polyhedral coordination
motifs [64, 78] and selecting the “most similar” motif—
given by the smallest CSM.

The relative proportions of different coordination poly-
hedra geometries are shown in Fig. 11. For the 0 % and
100 % site-inverted systems we observe nearly exclusively
6-coordinate polyhedra [79], as suggested by the average
S–Li coordination numbers (cf. Fig. 9). In these anion-
ordered systems, these SLi6 units preferentially adopt ap-
proximately octahedral geometries, with a few trigonal
prismatic configurations observed for all but the Li6PS5I
0 % system. An octahedral distribution of lithium ions
around each S is reasonable from electrostatics, because it
minimises the net Coulomb repulsion between the lithium
ions for n = 6. For the anion-disordered systems we
observe a mixture of 6- and 7-coordinate polyhedra, in
agreement with the average n > 6 coordination number
obtained from the g(r) data.

S–Lix Polyhedra Dynamics. The SLix coordination
polyhedra provide a schema for classifying the lithium
dynamics in each system. For each polyhedron, we con-
sider two features: the first is the set of lithium ions that
define the polyhedron vertices, and the second is the set
of edges that connect these vertices, which then defines
the polyhedron topology. In our simulation trajectories,
each lithium ion is assigned an integer index. The set
of lithium ions that define a specific coordination poly-
hedron (all those within rcoord of the central atom) can
be described by a vertex list of these ion indices, e.g. (1,
3, 7, 20, 52, 100). The edge topology connecting these
ions is described by an undirected edge graph, where we
consider an edge formed between any two vertices of a
polyhedron with a separation smaller than a threshold
distance redge. These features allow us to define three
classes of lithium motion:

1. Neither the vertex list nor the edge graph change,
but the polyhedron undergoes a “rigid” rotation in
space.

2. Only the edge graph changes. The vertex list re-
mains unchanged. This corresponds to some inter-
nal reorganisation of lithium ions that changes the
polyhedron topology.

3. The vertex list changes (and the edge graph there-
fore also changes). This corresponds to a lithium
ion leaving a polyhedron (moving beyond the cut-
off rcoord), or joining a new polyhedron, or both.

The first two of these correspond to local lithium mo-
tion, while the third constitutes lithium transfer between
SLix polyhedra, which is required for long-ranged lithium
diffusion.

In the anion-ordered 0 % and 100 % site-inverted sys-
tems, we find that exchange of lithium ions between
coordination polyhedra is nearly never observed on the
timescale of our simulation [80], which is consistent with
the long-time plateaus in the lithium mean-squared dis-
placement data and the inactive site–site transitions de-
scribed above, and with data from previous molecular
dynamics simulations of anion-ordered Li6PS5X argy-
rodites [22, 30–33]. In these anion-ordered systems, the
lithium dynamics nearly exclusively comprises internal
motions of SLi6 units.

For anion-ordered Li6PS5I (Fig. 12) these motions are
predominantly rigid rotations of the SLi6 octahedral co-
ordination polyhedra, which proceed via a concerted mo-
tion of four coplanar lithium ions around the perpendic-
ular axis (Fig. 13(a)). We also observe a small num-
ber of internal reorganisations consisting of octahedral→
trigonal-prismatic→ octahedral transitions, which pro-
ceed via the concerted motion of three face-sharing
lithium ions (Fig. 13(b)). This internal reorganisation
via a trigonal-prismatic intermediate is analogous to a
“Bailar twist” and is the minimum distortion pathway
between two topologically inequivalent octahedra [81].
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(a) “ideal” anion lattice (b) ordered anion lattice (c) disordered anion lattice

FIG. 10. Schematic illustrating the coupling between configurational order/disorder of the anion substructure and static
order/disorder of the Li sites. (a) An “ideal” anion substructure. All Li sites are in symmetric environments, and all site–site
distances are equal. (b) An ordered anion substructure. All Li sites are in locally asymmetric environments, and move towards
S2− (blue) and away from X− (yellow) anions, to give an ordered non-percolating network of short site–site distances. (c) A
disordered anion substructure. The shift of Li site positions depends on the local anion configuration. Moving towards S and
away from X anions produces a disordered percolating network of short site–site distances. Solid lines in (c) indicate site–site
distances that are shorter than in the “ideal” anion substructure.
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FIG. 11. Populations of SLix coordination polyhedra geometries, for Li6PS5I and Li6PS5Cl with 0 %, 50 %, and 100 % S/X site
inversion. Polyhedral geometries have been assigned by calculating the minimum Continuous Symmetry Measure (CSM) [77]
for a set of reference coordination geometries [64, 78]. Blue bars denote 6-coordinate polyhedra; yellow bars denote 7-coordinate
polyhedra. Source: The raw data and scripts used to generate this figure are available under CC-BY-4.0/MIT licences as part
of Ref. [60].

Both these motions have midpoints that are local po-
tential energy minima, where the displaced lithium ions
have moved from type 5 to type 2 tetrahedral sites.

For anion-ordered Li6PS5Cl we observe similar be-
haviour, with local Li dynamics comprising both rigid
octahedral rotations and internal reorganisation via
trigonal-prismatic intermediates. These local Li dynam-
ics in Li6PS5Cl are more frequent than in Li6PS5I, and
individual SLix units spend more time in intermediate
configurations, where some lithium ions occupy type 2
sites, making it difficult to classify discrete dynamical
events.

For the anion-disordered Li6PS5I and Li6PS5Cl sys-
tems we find qualitatively different behaviour to the
anion-ordered systems described above. With S/X disor-
der present, lithium ions undergo rapid exchange between
SLix units. This, again, is consistent with the mean-
squared displacements and site–site transition analyses

presented above, and with previous molecular dynamics
simulations [22, 30–33].

String-like Collective Diffusion. The conventional
model for ionic diffusion in solid electrolytes assumes
that ion transport is effected by a sequence of single-
ion “hops” between discrete sites [82–84], and this model
has been assumed in the analysis of diffusion in lithium
argyrodites in a number of previous studies [9, 11, 22–
25, 28, 41–44, 48, 85]. For many fast-ion solid elec-
trolytes, however, ion transport instead proceeds via col-
lective diffusion processes, whereby multiple ions partic-
ipate in synchronous cooperative motion [86–96]. Such
cooperative motions can be considered a defining char-
acteristic of “superionic” conductivity, in distinction to
fast, but conventional, single-particle–hopping [88], and
concerted lithium diffusion has recently been proposed
to be a contributing factor in the exceptionally high
ionic conductivities of Li-excess Li6+xMxSb1−xS5I (M =
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FIG. 12. Internal dynamics of one 4c SLi6 coordination polyhedron in the Li6PS5I 0 % site-inverted system at 500 K. The
ordinate gives the normalised projection of each S–Li vector onto the [001] cell axis (i.e. the cosine similarity). The horizontal
dashed lines show cos(±45°). Labels above the plot indicate different classes of internal dynamics: O indicates a “rigid”
octahedral rotation (Fig. 13(a)); O′ is an “incomplete” rotation, that moves to a 45° rotated orientation, before returning to
the previous geometry; T indicates an internal reorganisation via a trigonal-prismatic intermediate (Fig. 13(b)). Both the
octahedral rotations and trigonal-prismatic rearrangements have stable intermediates where multiple lithium ions occupy type
2 tetrahedra. Source: The raw data and scripts used to generate this figure are available under CC-BY-4.0/MIT licences as
part of Ref. [60].

(a) “rigid” octahedral rotation

(b) trigonal-prismatic internal reorganisation

FIG. 13. Schematic of the concerted (a) rigid rotation and
(b) trigonal-prismatic reorganisation modes of lithium mo-
tion within SLi6 coordination polyhedra in the anion-ordered
Li6PS5X systems.

Si,Sn,Ge) argyrodites [48].
Our site–site transition analysis, above, allowed a char-

acterisation of the connectivity of active diffusion path-
ways within the argyrodite structure, and how the topol-
ogy of the diffusion network varies with the 4a/4c S/X
anion configuration. That analysis, however, cannot dis-
tinguish between a single-particle hopping mechanism,
and a collective “superionic” diffusion mechanism. In
the anion-ordered system, we have already observed that
the internal dynamics of SLi6 coordination polyhedra
is highly concerted—octahedral rotations and trigonal-
prismatic reorganisations both involve synchronous mo-
tion of groups of lithium ions. For the anion-disordered
systems, however, the more complex lithium dynamics
means that this local “lithium-coordination” analysis is
less useful in distinguishing between individual or con-
certed lithium motion.

To determine whether the lithium ions in anion-

disordered Li6PS5X systems diffuse via individual or col-
lective processes, we have identified groups of lithium ions
that are involved in cooperative string-like motions [97].
We define strings that form on a timescale ∆t by con-
necting two mobile ions i and j if

min [|ri(t+ ∆t)− rj(t)| , |rj(t+ ∆t)− ri(t)|] < δ. (1)

This corresponds to selecting pairs of mobile ions where
one ion has moved into a position previously occupied
by the second ion. To construct strings we then connect
ion pairs that occur within the same time window that
contain one common mobile ion.

The identification of strings of mobile ions, via equa-
tion 1, is not on its own sufficient to distinguish between
individual hopping and a concerted diffusion mechanism.
In the case of simple vacancy hopping, a sequence of “va-
cancy hops” produces a string of mobile ions, even though
in this case the single-ion hops that produce this sequence
are temporally uncorrelated. To distinguish a temporally
uncorrelated process from a correlated process, we con-
sider the distribution of string lengths observed in time
∆t. For a stochastic hopping process, the number of hops
in time window ∆t, and hence the distribution of string
lengths, samples a Poisson distribution [98]. Observing
a probability distribution of string lengths that strongly
deviates from a Poisson distribution is therefore evidence
for ion displacements that are clustered in time.

Fig. 14 shows the probability distributions of string
lengths, P (n), from our simulations, for ∆t = 5 ps. For
the anion-ordered systems we find high probabilities of
strings with lengths 2–4, corresponding to the concerted
motions of ions within SLi6 coordination polyhedra de-
scribed above. For the 50 % site-inverted systems we
observe a range of string lengths, with P (n) following
an approximate geometric distribution. This mirrors
the behaviour observed in supercooled glassy liquids [97]
where string-like diffusion is often associated with dy-
namic heterogeneity [56, 99–101], whereby spatially cor-
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FIG. 14. Probability distributions P (n) of string lengths n
for Li6PS5I and Li6PS5Cl with 0 %, 50 %, and 100 % S/X
site inversion. For the 50 % site-inverted systems, the grey
empty symbols show the maximum likelihood estimate for a
geometric distribution for each dataset. Source: The raw data
and scripts used to generate this figure are available under
CC-BY-4.0/MIT licences as part of Ref. [60].

related subsets of particles exhibit much faster dynam-
ics than the system average. A geometric distribution
of string lengths is consistent with a mechanistic model
consisting of string “initiation”, followed by string “prop-
agation” with the probability of a string increasing in
length from N particles to N+1 particles is independent
of N . Our analysis here indicates that lithium mobil-
ity is effected by concerted ion motions in all our sys-
tems. In the anion-ordered systems, these motions are
“closed-loops” typically consisting of groups of four or
three lithium ions undergoing local cyclic motions (cf.
Fig. 13). In the anion-disordered systems, we find string-
like concerted motions that facilitate the diffusion of ex-
tended groups of lithium ions.

V. SUMMARY AND DISCUSSION

The data from our molecular dynamics simulations
provide multiple complementary perspectives of the
atomic-scale diffusion behaviour in Li6PS5X argyrodites.
Combining these perspectives provides the basis of a co-
herent model for the lithium diffusion mechanism in these
systems, and how this is affected with the degree of sub-
stitutional 4a/4c anion disorder.

We first analysed the lithium distribution in each sim-

ulation in terms of occupation of the different tetrahe-
dral sites within the close-packed anion substructure.
We find that lithium ions predominantly occupy type
5 tetrahedral sites; particularly so for the fully ordered
S(4c)/X(4a) systems; which broadly agrees with previ-
ous diffraction experiments [21, 36]. For all systems, we
also find partial occupation of non-type 5 tetrahedra.
Dieseroth et al. have previously noted that long-ranged
diffusion of lithium through the argyrodite structure re-
quires movement of lithium through non type-5 tetrahe-
dra [45]. In more recent studies of lithium argyrodites,
however, the lithium substructure has typically been con-
sidered purely in terms of occupation of type 5 (and 5a)
sites, with lithium diffusion decomposed into classes of di-
rect 5→ 5 transitions [9, 11, 22, 24, 25, 27, 30, 32, 33, 41,
42, 85, 102, 103]. This simplified perspective neglects the
different tetrahedra types defined by the close-packed an-
ion substructure, and obscures their roles in the lithium
diffusion processes in different argyrodite compositions.
For Li6PS5X systems, these non-type 5 tetrahedra are
not simply high-energy intermediates that define local
potential energy maxima along lithium diffusion 5→ 5
pathways. Instead we find stable Li configurations, cor-
responding to local potential-energy minima, in which
non-type 5 sites are occupied. This illustrates the im-
portance of these sites when describing the relevant po-
tential energy surface for lithium diffusion. Occupation
of non-type 5 tetrahedra has been identified in experi-
mental samples for x(Li) > 6 argyrodites [48–50] as well
as in recent neutron diffraction studies of Li6PS5Br and
Li6PS5Cl [46, 47]. The tetrahedrally close-packed geom-
etry defined by the MgCu2-structured anion sites is com-
mon to all argyrodites, and we therefore expect analyses
that consider diffusion in terms of ion motion between
these different tetrahedra to provide useful insight into
the transport mechanisms operating in argyrodite stoi-
chiometries beyond Li6PS5X.

In the case of the Li6PS5X systems, an analysis in
terms of occupation of spatially-discrete lithium sites also
allows the active lithium diffusion pathways in each sys-
tem to be resolved. While the partial site-occupations
for these anion-ordered and anion-disordered systems
might equally suggest the existence of a contiguous
lithium-diffusion pathway, via a network of face-sharing
tetrahedra, lithium does not always move freely be-
tween these partially occupied tetrahedra. For anion-
ordered systems, there are regular “blocked” pathways
between specific neighbouring tetrahedral sites, giving
a non-contiguous diffusion network. Our analysis of
the time-average lithium positions within each partially
occupied tetrahedral site shows that “blocked” path-
ways correspond to large average Li–Li separations, while
the set of short “active” pathways forms closed orbits
around the 4c or 4a S anions, producing the restricted
“cage-like” lithium diffusion reported in previous stud-
ies [22, 30, 31, 34]. This can be considered a form of
lithium ordering, induced by the configurational anion
order, that arises from a preference for shorter S–Li than
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X–Li distances. In the anion-disordered systems, con-
versely, we find no systematic pattern of short–long av-
erage lithium separations between adjacent sites: the set
of short “active” pathways is disordered and forms a per-
colating three-dimensional network, that facilitates long-
ranged lithium diffusion.

The idea that the lithium ions are, in some sense,
ordered when the S/X anions are substitutionally or-
dered, but that lithium ions are disordered when these
anions are disordered, and that this difference directs
the lithium diffusion behaviour, also emerges from our
analysis of the local lithium coordination environment
around the 4a and 4c S anions. In the anion-ordered
systems the lithium substructure can be considered as
6-coordinate SLix polyhedra around the 4c or 4a sul-
fur atoms. This “pseudo-ordering” corresponds to an ef-
fective crystal symmetry where the regular 6-coordinate
SLix motif is invariant under integer lattice-vector trans-
lations, even though the lithium ions are crystallograph-
ically disordered over the available tetrahedral sites.

The pseudo-ordering of lithium in S/X-ordered ar-
gyrodites can be explained by considering the various
Coulombic interactions between S–Li, X–Li, and Li–Li
ion pairs. Lithium ions are attracted more strongly to
S2− than X− anions, due to the larger formal charge
of S, which encourages Li to adopt cage-like configura-
tions around the 4a or 4c S ions. The repulsive Li–Li
Coloumbic interactions, however, tend to maximise Li–Li
separations within each coordination cage. In an anion-
ordered system, these two factors can be simultaneously
optimised by arranging exactly six Li ions around each
4a or 4c S anion (Fig. 15(a)). Within each SLi6 unit,
the Li–Li repulsion is minimised by the Li ions adopt-
ing an approximately octahedral configuration. Lithium
motions that only produce internal reorganisation of in-
dividual SLi6 units do not disrupt this pseudo-ordering,
and are frequent on a simulation timescale. These mo-
tions are highly cooperative, proceeding via octahedral
or trigonal-prismatic intermediates that preserve the mu-
tual Li–Li separation.

Long-ranged diffusion, in contrast, requires lithium
motion between adjacent SLix coordination polyhedra.
Consider two adjacent [SLi6 + SLi6] polyhedra in the or-
dered system. Lithium transfer between these polyhe-
dra produces a [SLi5 + SLi7] configuration, and disrupts
the preferred pseudo-ordered coordination motif. This
“disordered” configuration is energetically disfavoured,
because of the increased Li––Li repulsion within the
SLi7 unit. Forming SLix coordination environments with
x 6= 6 in these anion-ordered Li6PS5X argyrodites can
therefore be considered a form of defect-pair formation,
analogous to Frenkel pair formation in stoichiometric
crystals [98].

In the S/X-disordered systems, we can again un-
derstand the behaviour by considering the interplay of
anion–Li and Li–Li Coulomb interactions. Li ions again
preferentially coordinate S, rather than X anions. We
have seen in the anion-ordered system that if these SLix

units are well-separated, the Li–Li interactions between
SLix units are negligible, and the total electrostatic en-
ergy is minimised by forming a set of regular octahe-
dral SLi6 subunits. In an anion-disordered system, how-
ever, S ions occupy both 4a and 4c sites. Forming ad-
jacent SLi6 octahedra would now introduce short Li–
Li distances between Li ions nominally associated with
the different S anions (Fig. 15(b)): SLi6 configurations
can be said to be “geometrically frustrated” [104]. To
avoid these short Li–Li separations, Li ions can instead
be “shared” between adjacent SLix environments, pro-
ducing a mixture of SLi6 and SLi7 coordination mo-
tifs, and spatially disordered average Li positions within
each tetrahedral site (Fig. 15(c)). Lithium motion be-
tween different S-coordination environments is now pos-
sible without changing the net distribution of coordina-
tion environments—e.g. Li transfer between two adjacent
SLix environments might proceed as SLi7 + SLi6 → SLi6
+ SLi7. This is expected to correspond to a low energy
diffusion process, analogous to diffusion of extrinsic de-
fects (vacancies or interstitials) in a non-stoichiometric
conventional crystal [98].

Superionic conductivity in solid electrolytes is often
associated with some form of disorder within the mobile-
ion substructure [105–108], and studies of various solid
electrolyte families have revealed a range of mecha-
nisms that can contribute to this substructural disor-
der [10, 32, 104, 109–113]. The results presented here
provide another example of this general principle. In
this instance, superionic conductivity arises as a conse-
quence of substitutional disorder within the immobile ion
host-substructure, via induced mobile-ion disorder. En-
hanced conductivities have been reported in other mate-
rials with configurational host-framework disorder [114–
118], and the same underlying mechanism of induced
mobile-ion disorder may be responsible in these cases.
This raises the question of the extent to which substi-
tutional framework-disorder might be useful as a general
design strategy to obtain superionic conductivity in other
families of solid electrolytes?

In the case of the lithium argyrodites, we can ask the
more specific question of how these results for Li6PS5X
might suggest design strategies for optimising the ionic
conductivity of x(Li) 6= 6 argyrodites? Our results in-
dicate that in the case of Li6PS5X, substitutional anion
disorder, and the resulting lithium disorder, are key to
achieving fast Li diffusion. This suggests that substitu-
tional disorder; either due to mixed anions, or to partial
substitution of P with elements such as Ge, might have
a similar positive effect in x(Li) 6= 6 systems. A disor-
dered potential energy surface may promote fast diffusion
by causing concerted “superionic” diffusion mechanisms
[119], rather than slower independent-hopping diffusion
mechanisms. A second, contrasting, interpretation comes
from noting that in Li6PS5X systems, S/X anion disor-
der gives S occupying adjacent 4a and 4c sites, which
contributes to lithium disorder due to Coulombic frus-
tration of otherwise regular SLix units. This perspective
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(a) S/X ordered, with SLi6 polyhedra (b) S/X disordered, with SLi6 polyhedra (c) S/X disordered, with SLi{6,7} polyhedra

S

X

Li

Li–Li

FIG. 15. Schematic of the change in lithium coordination around 4a/4c S ions as a function of S/X order/disorder. (a) For
S/X anion ordering, the 4c (or 4a) S ions are well separated, and Li ions arrange into SLix coordination “cages”. (b) S/X anion
disorder means S ions occupy adjacent 4a and 4c sites. Maintaining SLi6 coordination would produce short Li–Li distances
(red arrows), which are Coulombically disfavoured. (c) Sharing Li between adjacent 4a and 4c S coordination environments
reduces the net Li––Li repulsion, and gives a mix of irregular SLi6 and SLi7 coordination environments.

suggests that in x(Li) 6= 6 argyrodites, fast lithium-ion
diffusion might be achieved in compositions in which the
S/X ratio differs from one, making, for example Li7PS6

an interesting end-member case.

Finally, we note that the highest room-temperature
ionic conductivities for lithium argyrodites have been re-
ported for “Li excess” systems with x(Li) > 6, such
as Li6.6P0.4Ge0.6S5I [11] and Li6+xMxSb1−xS5I (M =
{Si,Sn,Ge}) [48]. In the latter case, lithium has been
shown to occupy non-type 5 sites, which was attributed
to the x(Li) > 6 lithium stoichiometry, with this lithium
“site-disorder” suggested as the origin of the observed
fast lithium-ion conduction [48]. This suggestion is con-
sistent with the general principle that lithium disorder (in
some form) is necessary to achieve fast lithium diffusion,
and raises the possibility of doing so directly through
control of lithium stoichiometry; in contrast to the in-
duced lithium disorder arising from substitutional frame-
work disorder, as for the anion-disordered Li6PS5X sys-
tems. Attributing the exceptional ionic conductivity of
these experimental x(Li) > 6 systems to a single mech-
anistic origin is challenging. The excess Li stoichiom-
etry is a consequence of aliovalent substitution of host-
framework atoms occupying the 4b site, which introduces
a new source of substitutional disorder within the host
framework. These materials also exhibit small amounts
of S/I disorder, which may also contribute to Li disorder
and enhance Li diffusion [11]. Resolving the interplay
between stoichiometry, structure, and lithium dynamics,
and using this understanding to further optimise the ionic
conductivities of this family of solid electrolytes, presents
an intriguing challenge. The complexity of these issues
suggests that a full understanding will only be reached by
combining data from systematic experimental studies of
controlled stoichiometries with insight from correspond-
ing computational studies.
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mann, R. André, R. Glaum, and G. Hautier, Statistical
analysis of coordination environments in oxides, Chem.
Mater. 29, 8346 (2017).

[79] For Li6PS5I with 0 % and 100 % site-inversion, 100 %
and 100 % of the S–Li coordination polyhedra are 6-
coordinate, respectively. For Li6PS5Cl with 0 % and
100 % site-inversion, 99.98 % and 99.57 % of S––Li coor-
dination polyhedra are 6-coordinate, respectively.

[80] For the 0 % and 100 % site-inverted Li6PS5I systems, we
observe no exchange of lithium between coordination
polyhedra during the 70 ps simulations. For Li6PS5Cl
with 0 % and 100 % site-inversion, we observe Li-
exchange between coordination polyhedra with frequen-
cies of 0.002 /polyhedron/ps and 0.019 /polyhedron/ps,
respectively.

[81] D. Casanova, J. Cirera, M. Llunell, P. Alemany,
D. Avnir, and S. Alvarez, Minimal distortion pathways
in polyhedral rearrangements, J. Am. Chem. Soc. 126,
1755 (2004).

[82] B. J. Morgan, Lattice-geometry effects in garnet solid
electrolytes: a lattice-gas Monte Carlo simulation study,
R. Soc. Open Sci. 4, 170824 (2017).

[83] A. Van der Ven, J. Bhattacharya, and A. A. Belak, Un-
derstanding Li diffusion in Li-intercalation compounds,
Acc. Chem. Res. 46, 1216 (2013).

[84] C. R. A. Catlow, Static lattice simulation of structure
and transport in superionic conductors, Sol. Stat. Ionics
8, 89 (1983).

[85] S. Ohno, B. Helm, T. Fuchs, G. Dewald, M. A. Kraft,
S. P. Culver, A. Senyshen, and W. G. Zeier, Further ev-
idence for energy landscape flattening in the superionic
argyrodites Li6+xP1−xMxS5I (M = Si, Ge, Sn), Chem.
Mater. 31, 4936 (2019).

[86] A. Annamareddy and J. Eapen, Low dimensional
string-like relaxation underpins superionic conduc-
tion in fluorites and related structures, Sci. Rep. 7,
10.1038/srep44149 (2017).

[87] C. R. A. Catlow, Atomistic mechanisms of ionic trans-
port in fast-ion conductors, Faraday Trans. 86, 1167
(1990).

[88] C. Catlow, Defect processes and migration mechanisms
in solid state ionics, Materials Science and Engineering:
B 12, 375 (1992).

[89] C. E. Mohn and M. Krynski, Collective diffusion within
the superionic regime of Bi2O3, Phys. Rev. B 101,
104309 (2020).

[90] M. Salanne, D. Marrocchelli, and G. W. Watson, Co-
operative mechanism for the diffusion of Li+ ions in
LiMgSO4F, J. Phys. Chem. C 116, 18618 (2012).

[91] B. Zhang, L. Yang, L.-W. Wang, and F. Pan, Cooper-
ative transport enabling fast Li-ion diffusion in thio-
LISICON Li10SiP2S12 solid electrolyte, Nano Energy
62, 844 (2019).

[92] H. Zhang, X. Wang, A. Chremos, and J. F. Douglas,
Superionic UO2: A model anharmonic crystalline ma-
terial, J. Chem. Phys. 150, 174506 (2019).

[93] X. He, Y. Zhu, and Y. Mo, Origin of fast ion diffusion in
super-ionic conductors, Nature Comm. 8, 15893 (2017).

[94] M. Xu, J. Ding, and E. Ma, One-dimensional string-
like cooperative migration of lithium ions in an ultrafast
ionic conductor, Appl. Phys. Lett. 101, 031901 (2012).

[95] I. Yokota, On the deviation from the Einstein relation
observed for diffusion of Ag ions in α-Ag2S and others,
J. Phys. Soc. Japan 21, 420 (1966).

[96] M. A. Zendejas and J. O. Thomas, Conduction mecha-
nisms in solid electrolytes: Na+ beta-alumina, Physica
Scripta T33, 235 (1990).

https://doi.org/10.1016/j.commatsci.2012.10.028
https://doi.org/10.1107/s2052520620007994
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/org/10.21105/joss.01277
https://doi.org/org/10.21105/joss.01277
https://doi.org/10.5281/zenodo.1263753
https://doi.org/10.5281/zenodo.1263753
https://github.com/bjmorgan/vasppy
https://github.com/bjmorgan/vasppy
10.5281/zenodo.1263753
10.5281/zenodo.1263753
https://github.com/bjmorgan/site-analysis
https://github.com/bjmorgan/site-analysis
https://github.com/bjmorgan/polyhedral-analysis
https://github.com/bjmorgan/polyhedral-analysis
https://github.com/bjmorgan/kinisi
https://github.com/bjmorgan/kinisi
https://doi.org/10.21105/joss.01306
https://doi.org/10.21105/joss.01306
https://doi.org/10.1088/0953-8984/24/27/275303
https://doi.org/10.1088/0953-8984/24/27/275303
https://doi.org/10.1214/aos/1176344552
https://doi.org/10.1016/j.electacta.2016.08.081
https://doi.org/10.1021/ic9804925
https://doi.org/10.1021/ic9804925
https://doi.org/10.1021/acs.chemmater.7b02766
https://doi.org/10.1021/acs.chemmater.7b02766
https://doi.org/10.1021/ja036479n
https://doi.org/10.1021/ja036479n
https://doi.org/10.1098/rsos.170824
https://doi.org/10.1016/0167-2738(83)90069-3
https://doi.org/10.1016/0167-2738(83)90069-3
https://doi.org/10.1021/acs.chemmater.9b01857
https://doi.org/10.1021/acs.chemmater.9b01857
https://doi.org/10.1038/srep44149
https://doi.org/10.1039/FT9908601167
https://doi.org/10.1039/FT9908601167
https://doi.org/10.1016/0921-5107(92)90009-x
https://doi.org/10.1016/0921-5107(92)90009-x
https://doi.org/10.1103/physrevb.101.104309
https://doi.org/10.1103/physrevb.101.104309
https://doi.org/10.1016/j.nanoen.2019.05.085
https://doi.org/10.1016/j.nanoen.2019.05.085
https://doi.org/10.1063/1.5091042
https://doi.org/org/10.1038/ncomms15893
https://doi.org/10.1063/1.4737397
https://doi.org/10.1143/jpsj.21.420
https://doi.org/10.1088/0031-8949/1990/t33/045
https://doi.org/10.1088/0031-8949/1990/t33/045


18

[97] C. Donati, J. F. Douglas, W. Kob, S. J. Plimpton, P. H.
Poole, and S. C. Glotzer, Stringlike cooperative mo-
tion in a supercooled liquid, Phys. Rev. Lett. 80, 2338
(1998).

[98] B. J. Morgan and P. A. Madden, Relationships between
atomic diffusion mechanisms and ensemble transport
coefficients in crystalline polymorphs, Phys. Rev. Lett.
112, 145901 (2014).

[99] S. C. Glotzer, Spatially heterogeneous dynamics in
liquids: Insights from simulation, Journal of Non-
Crystalline Solids 274, 342 (2000).

[100] H. Zhang, C. Zhong, J. F. Douglas, X. Wang, Q. Cao,
D. Zhang, and J.-Z. Jiang, Role of string-like collective
atomic motion on diffusion and structural relaxation in
glass forming Cu-Zr alloys, J. Chem. Phys. 142, 164506
(2015).

[101] Y.-J. Wang, J.-P. Du, S. Shinzato, L.-H. Dai, and
S. Ogata, A free energy landscape perspective on the
nature of collective diffusion in amorphous solids, Acta
Mater. 157, 165 (2018).

[102] Z. Zhang, J. Zhang, H. Jia, L. Peng, T. An, and
J. Xie, Enhancing ionic conductivity of solid electrolyte
by lithium substitution in halogenated Li-argyrodite, J.
Power Sources 450, 227601 (2020).

[103] C. Yu, Y. Li, M. Willans, Y. Zhao, K. R. Adair, F. Zhao,
W. Li, S. Deng, J. Liang, M. N. Banis, R. Li, H. Huang,
L. Zhang, R. Yang, S. Lu, Y. Huang, and X. Sun, Su-
perionic conductivity in lithium argyrodite solid-state
electrolyte by controlled Cl-doping, Nano Energy 69,
104396 (2020).

[104] B. Kozinsky, Transport in frustrated and disordered
solid electrolytes, in Handbook of Materials Modeling
(Springer International Publishing, 2018) pp. 1–20.

[105] W. Hayes, Superionic conductors, Contemp. Phys. 19,
469 (1978).

[106] M. Villa and J. L. Bjorkstam, The role of disorder in
superionic conductors, Sol. Stat. Ionics. 1, 481 (1980).

[107] D. A. Keen, Disordering phenomena in superionic con-
ductors, Journal of Physics: Condensed Matter 14,
R819 (2002).

[108] S. Hull, Superionics: Crystal structures and conduction
processes, Rep. Prog. Phys. 67, 1233 (2004).

[109] G. K. P. Dathar, J. Balachandran, P. R. C. Kent, A. J.
Rondinone, and P. Ganesh, Li-ion site disorder driven
superionic conductivity in solid electrolytes: a first-
principles investigation of β-Li3PS4, J. Mater. Chem.
A 5, 1153 (2017).

[110] D. Di Stefano, A. Miglio, K. Robeyns, Y. Filinchuk,
M. Lechartier, A. Senyshyn, H. Ishida, S. Spannen-
berger, D. Prutsch, S. Lunghammer, D. Rettenwander,
M. Wilkening, B. Roling, Y. Kato, and G. Hautier, Su-
perionic diffusion through frustrated energy landscape,
Chem 5, 2450 (2019).

[111] K. E. Kweon, J. B. Varley, P. Shea, N. Adelstein,
P. Mehta, T. W. Heo, T. J. Udovic, V. Stavila, and B. C.
Wood, Structural, chemical, and dynamical frustration:
Origins of superionic conductivity in closo-borate solid
electrolytes, Chem. Mater. 29, 9142 (2017).

[112] M. Jorgensen, P. T. Shea, A. W. Tomich, J. B. Var-
ley, M. Bercx, S. Lovera, R. Černý, W. Zhou, T. J.
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