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Lithium-rich  oxychloride antiperovskites are
promising solid electrolytes for enabling next-
generation batteries. Here, we report a comprehensive
study varying Lit concentrations in LizOCl
using ab initio molecular dynamics simulations.
The simulations accurately capture the complex
interactions between Lit vacancies (Vi;), the
dominant mobile species in Li3OCl. The V7, polarize
and distort the host lattice, inducing additional
non-vacancy-mediated diffusion mechanisms and
correlated diffusion events that reduce the activation
energy barrier at concentrations as low as 1.5% V7 ;.
Our analyses of discretized diffusion events in both
space and time illustrate the critical interplay between
correlated dynamics, polarization and local distortion
in promoting ionic conductivity in LizOCI.

This article is part of the Theo Murphy meeting
issue ‘Understanding fast-ion conduction in solid
electrolytes’.

1. Introduction

All solid-state batteries with inorganic electrolytes
are a promising new technology that can replace
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organic electrolytes in current Li-ion batteries. The solid inorganic electrolyte offers advances
over the organic electrolyte in safety, durability, and potential volumetric and gravimetric energy
density [1-8].

Nevertheless, very few solid-state batteries have been commercialized, and intensive research
efforts are underway to optimize known superionic materials or discover new ones. The anti-
perovskite lithium oxychloride (Li3OCI) and the closely related hydroxychloride (Liz_,H,OCl)
have been suggested as promising solid electrolytes, although further optimization is required
[9,10]. A first step towards rationally motivated improvement of ionic conductivity is to obtain
improved understanding of the diffusion mechanism. While a number of simulations of Li3OCl
have been published previously suggesting a vacancy-mediated diffusion mechanism [9,11-15],
questions remain regarding the specific role of vacancy interactions, particularly at higher
concentrations. In addition, previous classical molecular dynamics simulations have shown that
increased vacancy concentrations lead to higher conductivities [12], but the effect of vacancy
concentration on the diffusion mechanism was not explored. To augment these studies, here we
report a comprehensive study varying Lit concentrations in Li3OCl using ab initio molecular
dynamics (AIMD) simulations. The AIMD simulations presented in this article reveal that the
mid-range interaction between vacancies with each other and the local lattice increase diffusivity
through inducing correlated and non-vacancy mediated jumps.

In addition to the previous work indicating that the primary conduction mechanism in Li3OCI
occurs through vacancy-mediated diffusion, an interstitial dumbbell knock-off mechanism has
been proposed to have a lower activation energy barrier [14]. We chose to model the vacancy-
mediated mechanism because LizOCI is thought to be Li deficient for three reasons: (i) the
electrolyte likely contains some hydrogen, which substitutes for Li; (ii) Schottky pairs of Cl and
Li vacancies are the lowest-energy defects and (iii) there are multiple literature suggestions that
vacancies are created during synthesis, particularly at interfaces [14,16].

It is worth mentioning that lithium-rich hydroxychlorides have higher conductivities than
lithium oxychloride, although unbiased experimental values are not available due to the
inability to synthesize pure oxychloride without any hydrogen [9]. The enhanced conductivity in
Liz_yH,OCl could be caused by both (i) the increased concentration of vacancies and hence higher
charge carrier concentration and (ii) correlated motion of Li diffusion events and OH rotations,
as suggested in previous publications [17-20]. Analysing correlated motion in the oxyhalide is
simpler than in the hydroxychloride, which is complicated by the OH rotations. In addition, we
expect that qualitative conclusions regarding vacancy interactions will hold for both compounds,
given the prevalence and importance of vacancies in the conduction mechanism for the two
materials. Accordingly, this article focuses on the effect of V7 ; concentration on overall diffusivity
in LizOCl. In a future publication, we will quantify correlated motion and the role of OH rotation
in the hydroxychloride using analyses similar to those presented here.

Our results indicate that the Li vacancies, Vii, act in concert with thermal motion to distort
the local lattice, which increases the jump probability compared with estimates based on carrier
concentration alone. In addition, the vacancies are found to interact even at relatively dilute
concentrations, inducing new jumps in their vicinity through propagation of lattice distortion
and polarization of oxygen anions. Some of these jumps are found to occur via new diffusion
mechanisms that bypass the dominant vacancy-mediated diffusion. Finally, we assess the effect
of correlated Li motion on our reported diffusion mechanisms through a spatio-temporal analysis
of jump events.

2. Methods

AIMD [21] based on density functional theory [22] were performed on a 4 x 4 x 4 supercell
(approx. 320 atoms) of LizOCl with four different Li vacancy concentrations: Lip ggOCl, Lip 970Cl,
Lip950Cl and Lip94OCl, using the Vienna Ab initio Simulation Package (VASP) [23,24].
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Convergence tests were run with respect to the number of k-points and the planewave energy
cutoff until the energy changed by no more than 107 eV. The resulting converged planewave
cutoff was 400.0eV with a Monkhorst-Pack k-point mesh of 8 x 8 x 8. Plane augmented wave
pseudopotentials [25,26] for Li, O, and Cl were employed with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [27].

The AIMD was run with I'-only k-point sampling within the NVT ensemble with a 1fs
timestep. Simulations ran for 90-200ps following 3ps of thermal equilibration. The Nosé
thermostat was employed and the Nosé mass 7.5 a.u. was chosen based on the phonon frequencies
[11,28]. The number of Li* vacancies was varied from one to four, resulting in V’Li concentrations
of 0.5-2%. A uniform background charge was employed to compensate for each negatively
charged vacancy.

The diffusion coefficient, D, for each compound was determined using the Nernst-Einstein
relation based on the mean squared displacement (MSD; equation (3.2)), which was averaged
across all time windows in the simulation. Uncertainty in D was calculated from the standard
deviation of the diffusion coefficient after segmenting each simulation into shorter simulations
of more than 20 ps each. The activation energy was calculated using the diffusion coefficients at
1100, 1200, 1300, 1400 and 1500 K. Temperatures much higher than battery operating temperatures
were chosen to improve diffusion statistics based on previous AIMD simulations, which showed
that a single vacancy has very little diffusion at 1000-1200K [13]. The lattice vectors were
kept at the optimized zero-temperature values, resulting in a 4 x 4 x 4 supercell lattice vector
of 16.08 A.

Nudged elastic band (NEB) calculations were performed on 3 x 3 x 3 supercells. Eleven
images were used, and the pathway was determined using the climbing image method [29].
Further details, including an investigation of alloyed supercells, can be found in the ESM.

Analyses of diffusion events were performed using an in-house algorithm and the software
package Sitator [30]. Sitator identifies Li sites and diffusion events/jumps by tracking when a
Li changes site using a landmark analysis algorithm. Sitator identified 192 sites, as expected
in the 320 atom supercell; the input parameters for the landmark analysis are provided in the
electronic supplementary material. This algorithm does not distinguish between short-lived hops
that are reversed and those that may contribute meaningfully to diffusion. Accordingly, we
filtered out rapid back-hopping by introducing an additional criterion to ensure that a reverse
jump between the same pair of sites has not occurred within 500fs of the current jump. The
initial locations of the vacancies in each simulation were chosen randomly. The vacancy locations
were then tracked and updated by swapping indices for Li and vacancy sites whenever Li*
jumped into vacant site. For cases in which Lit jumped into a site that was already registered
as occupied rather than vacant, the jumps were instead classified according to the new diffusion
mechanisms detailed in §3(e). Identification of diffusion events enabled the spatiotemporal
correlation analysis, which was performed by recording the distance and time interval between
discrete jump events, as described in the discussion section and electronic supplementary
material.

Analysis was performed to determine how polarization of anions affects Lit diffusion.
Maximally localized Wannier functions (MLWFs) [31] were used to calculate the Cl and O
polarization vectors and track their interaction with V7, in both the zero temperature (NEB and
static energy calculations) and AIMD simulations.

The range of interaction between vacancies was determined using a ‘binding energy’
calculation, in which the energy of a 4 x 4 x 4 supercell with two V7, at varying distances apart
was calculated. The different distances were 2.8, 4.0, 4.95, 5.6, 6.3, 7.5, 8.5, 8.9, 9.4, 9.8, 10.2 and
11.7 A. The effect of strain relaxation was estimated by first calculating the supercell energy while
freezing all the atom positions and then comparing to the supercell energy after the ions were
allowed to relax until the forces on the atoms were smaller than 0.05eV/A, as shown in figure 2.
The zero energy is set to the energy of the supercell when the vacancies are 11.7 A apart, which is
the farthest apart the vacancies can be placed in a 4 x 4 x 4 supercell.
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Figure 1. The Arrhenius plot of the natural log of the diffusion coefficients (D) for the four simulations with varying V/;
concentrations versus inverse temperature shows variations in £,. The inset of the unit cell indicates a Li (pink) jump to a vacant
site and its octahedral cage made of 4 C (purple) and 2 O (red atoms). Dotted lines are guides to indicate deviations from
Arrhenius behaviour that depend on vacancy concentration. (Online version in colour.)

Table 1. Diffusion coefficients (D), activation energy barriers (£,) and maximum diffusion coefficients (Do) extracted from linear
fits of the Arrhenius plots for various concentrations of Li vacancies.

D(m?s™")(T) 100K 1200K 1300 K 1400 K 1500 K Eq (eV) Dy (cm?/s)
W =Lig0C0l 730 x 1077 712x 1077 839 x 1077 119x107° 202x107° 035 21x107°

3. Results and discussion

(a) Diffusion coefficients and activation energy barriers

The Arrhenius plots of diffusion coefficients, D, versus temperature for the 1-4 V’Li simulations
are given in figure 1. Table 1 lists the activation energy barriers, E;, and maximum diffusion
coefficients, Dy, calculated from the Arrhenius equation: D =Dy * e E/ksT)  where kg is
Boltzmann’s constant and T is the temperature. The vacancy-mediated mechanism of diffusion
in Li3OCl implies that D should increase linearly with concentration C(V7,) in the limit of non-
interacting vacancies. Instead, we found the interaction between vacancies leads to changes in E,,
which confirms that C(V];) affects the diffusion mechanism.

In general, our calculated activation energy barriers are similar to other simulations. We
point out that previous simulations also exhibited evidence of non-Arrhenius behaviour over a
similar temperature range [12,13,32]. However, this behaviour is not universal: classical molecular
dynamics at temperatures below 1000 K showed Arrhenius behaviour and little change in E, for
vacancy concentrations between 0.04 and 5% (E; =0.308 eV [12] and E; =0.27 — 0.29eV [12,33]).
We believe that the non-Arrhenius behaviour is unmistakable in our simulations for two reasons.
First, unlike the classical molecular dynamics studies, we can explicitly account for polarization
behaviour of the neighbouring anions to the vacancies, which we show below to play a role in
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Figure 2. (a) The binding energy calculation shows the lattice screens the vacancies well compared to static Coulombic
repulsion, but there is a minima out at 6.3 &. (b) The simulation super-cell shows the nearest neighbour (NN) sites to an Li
Wyckoff position, which can hold an Li or a vacancy. Two 1st NN correlated jumps are indicated. The red and black arrows indicate
jumps in the same direction due to two different I, which have a jump cos(6) = 1. The grey arrow, along with the black,
indicates two jumps that could be from the same V/}; (jump cos(9) = 0). (Online version in colour.)

the diffusion. Second, our AIMD simulations are performed on comparatively large unit cells that
allow for dynamical vacancy-vacancy interactions.

It is difficult to directly compare our calculated activation energy barriers to experimental
measurements, which likely are of Liz_,H,OCl or off-stoichiometric Li-rich antiperovskites
(LRAP) [9]. NMR experiments give E; over short diffusion distances and so can measure bulk
conductivity without the effects of grain boundaries in polycrystalline LRAP, which have been
calculated previously to slow diffusion [34-36] and accumulate point defects [36]. For the
hydrogen containing LRAPs, E; from NMR is 0.34-0.36 eV [9], indicating the diffusion mechanism
may be similar in Li3OCl. Nevertheless, the total diffusion coefficient in LRAPs is higher than
LizOCl, likely because the hydrogen substitution effectively increases C(V ;).

Figure 1 shows that the four V], concentrations have varying deviation from Arrhenius
behaviour, which increases the uncertainty in calculating E; and Dy, especially in the 1 and 2
V| ; simulations. If a linear fit is performed anyway across the range of available simulation data,
the 3V} ; and 4V[; have a lower E,; by approximately 30 meV than the 1 and 2 V| ; simulations. The
non-Arrhenius behaviour indicates that as temperature increases, E; increases.

There are multiple interrelated factors that contribute to the non-Arrhenius behaviour. These
can be broadly characterized as vacancy-vacancy interactions, an increase in vacancy-induced
jump attempts, and additional diffusion mechanisms introduced by both temperature and
vacancies. Each of these factors is discussed in detail in the subsequent sections. It is notable that
the transition temperature between different slopes in figure 1, which corresponds to the onset
of non-Arrhenius behaviour, decreases as C(V[;) increases. This implies that the introduction of
additional vacancies echoes the effect of elevated temperature, with both factors acting in concert
to alter the diffusion mechanism.

Because the 1 V; simulation does not have any dynamical V},-V}; interaction effects, it can
serve as a baseline for comparison. As temperature increases in this simulation, the diffusivity
increases sharply following a nearly flat and slow diffusion profile between 1100 and 1300 K. Our
analyses, discussed in detail below, show that local distortions induced by the vacancy increase
with temperature, which in turn induces more jump events. These local distortions increase
Dy but simultaneously increase E; (a trend that follows the so-called Meyer—Neldel rule [37]).
Nevertheless, at temperatures above 1300K, the barrier E; in the 1 VICi simulation remains much
larger than the other simulations with vacancy interactions. The increase in E, therefore appears
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to be somewhat mitigated when multiple vacancies interact. In §3b, we characterize the V| ,—V7;
interactions that affect diffusion.

(b) Evidence of vacancy interactions

In this section, we quantify the range and approximate energetics of the vacancy-vacancy
interaction, which helps to elucidate the concentration-dependent effects on the diffusion
mechanism and E;. We do this through a vacancy ‘binding energy’ calculation, as described
in §2. Notably, the impacts of vacancy—vacancy interactions are observable even when the
vacancy concentrations are quite low (e.g. C(V;) = 1% for the 2V ; case). A more comprehensive
understanding of vacancy interactions from the AIMD will be presented later.

Coulombic repulsion of the negatively charged V|, predicts that on average they should
maximize their distance. Instead, there is a binding energy minimum of 61 meV when the V7,
are 6.3 A apart, as shown in figure 2. We point out that a similar binding energy minimum at
6.3 A was also reported in the electronic supplementary material of a recent publication focusing
on glassy LizOCl [38]. Indeed, point defect clustering is common in solids because it can reduce
the induced strain as long as the charge can be suitably screened. It is worth noting that this
interaction energy is only slightly smaller than kgT for the temperatures simulated (0.09-0.13 eV
for 1100-1500K), so it is reasonable to believe that the effects of vacancy interactions could be
manifest in the AIMD (which we confirm in the analysis below).

A simplified explanation for the dielectric screening in ceramic oxides is that they contain
highly charged ions, such as 02", that can isolate charged defects via slight lattice rearrangements.
However, electrons can also participate in screening. To test for the electronic screening separate
from the physical lattice polarization, we froze the atom positions and only allowed the electronic
relaxation of the supercell (static repulsion). Figure 2 shows that with only electron screening,
there is no ‘binding energy’ and the repulsive energy increases to 1eV when the vacancies are
nearest neighbours (NN), or 2.8 A apart. Relaxing the lattice cancels much of this static repulsion,
confirming that the primary stabilizing effect is local lattice restructuring. At the same time,
comparing the static repulsion to the ‘binding energy” simultaneously confirms the ability of the
lattice to effectively screen the Coulomb interactions, while highlighting the 6-7 A range of the
effect of the vacancy on the lattice.

The relevance of local strain relaxation helps to justify the observed vacancy interaction, given
that vacancies can cluster to reduce their local strain. Indeed, the binding energy at 6.7 A only
occurs after the lattice is allowed to relax (and thereby reduce the induced local strain). At finite
temperature, this local strain relaxation is best described in terms of enhanced local dynamical
distortion of the lattice. Because thermal effects amplify the distortion, temperature and vacancy
concentration are connected, as can be seen in the non-Arrhenius conductivity trends in figure 1.
A more robust quantification of the local distortion caused by vacancies, as well as its effect
on increasing the probability of jump events, is presented below. We will also show that local
distortion is connected to an accompanying lattice polarization effect, which manifests through
the chlorine and oxygen anions.

The same signature of vacancy—vacancy interaction seen in figure 2 is also visible in the AIMD
simulations, as shown in figure 3. Without the screening of the lattice, the negatively charged
vacancies would maximize their distance from each other. At the other extreme, if vacancies did
not interact, they would freely explore all possible sites over the simulation. In this event, the
distribution of V] ,-V]; distances should converge to the general distribution of Li-Li distances.
As such, the Vi -V, pair distribution function (pdf) as compared with the expected V},-V7; pdf
acts as a signature of vacancy interactions.

We find that none of the V,—V7; pair distribution functions match the expected Li-Li pdf
(figure 3), although the closest distribution is found for the 2V} ; simulation at 1100 K. The binding
energy calculation showed that although the lattice screens the charges of the vacancies relatively
well, two vacancies can be trapped if they become nearest neighbours by the large 0.5 eV barrier
at 4 A (figure 2). Thus, it is reasonable to have some probability of finding two V]; as nearest
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Figure 3. Vacancy—vacancy pair distribution functions (pdfs) at 1100 K demonstrate the Coulombic repulsion between the
vacancies. The 2 I//; simulation has a more similar distribution to the Li—Li pdf than the higher concentrations. The g(r) are
in arbitrary units (arb. units). (Online version in colour.)

neighbours in the 1100K 2V7; simulation, despite the apparent Coulombic repulsion. This 2 V7,
pairing at 2.8 A persists up to 1400 K, as shown in the electronic supplementary material.

In our simulation supercell, the farthest two vacancies can be from each other is around
12 A, whereas the ‘binding energy’ calculation in figure 2 indicates a preferred vacancy-vacancy
interaction distance of 6.3 A. In the 3 and 4 Vi; simulations, each V[; is always within this
interaction distance of at least one other V’Li. Indeed, we observe a decreasing ratio between
peaks at 5.8 and 6.3 A with vacancy concentration, which indicates a relatively stronger ViiVi
interaction at 6.3 A; this may be a signature of the local minimum seen in the binding energy
calculation (figure 2). The distributions at higher temperatures, which also show a preference
for 6.3 A over 5.8 A, are given in the electronic supplementary material. At the same time, high
vacancy concentrations also favour shifts towards larger vacancy—vacancy distances because
there are simply more V7, and they interact.

(c) Polarization effects on vacancy interactions

The mid-range effects of vacancies are communicated not only by local lattice distortion, but also
by the polarization of the remaining lattice. In particular, both the oxygen and chlorine anions
can be significantly polarized and interact with the diffusing species (V’Li). To see this effect, we
use MLWFs to calculate the polarization of each anion (§2 for details). MLWFs resemble localized
molecular orbitals, and the vector sum of the four sp>-like Wannier centres (centre of density of
each MLWF) around each anion gives the polarization of the anion.
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To track the polarization of the nearby lattice during an individual diffusion event, we first
ran NEB calculations of a single vacancy mobility (figure 4). Our 3 x 3 x 3 NEB calculation gave
an E; of 0.308eV. We point out that this value is less than the 0.328 meV found for the smaller
2 x 2 x 2 cell [39], highlighting the importance of accounting for the longer-ranged effects of the
lattice distortion (in contrast, prior NEB studies used 2 x 2 x 2 supercells to determine the E, for
both the vacancy-mediated and interstitial dumbbell/knock-off mechanisms [11,14,39,40]). The
E; from NEB, which has C(V];)=1.23%, matches the E, from the AIMD with C(V};)=1.5 and 2%.

Figure 4 shows the polarization of the oxygen nearest neighbours across the NEB-derived
minimum energy path. The two nearest neighbour oxygen anions to the vacancy are significantly
more polarized than the other oxygen anions (two largest blue arrows). Moreover, the highly
polarized oxygen ions (polarization vector in blue) track the vacancy as the latter diffuses between
lattice sites in Li3OCL. In figure 4, the diffusing LiT is indicated with the dot. As expected, the
polarization vector points away from the nominal —1 charge of V7. As the vacancy moves along
the diffusion path, one of the oxygen atoms stays significantly polarized, but the other highly
polarized oxygen is transferred to the new nearest oxygen neighbour.

Polarization effects are also present at higher vacancy concentrations and help to explain the
observed vacancy—vacancy interaction trends. For instance, when two V’Li are simulated in the
binding energy calculations (figure 2), the two nearest neighbour oxygen of each V7 ; significantly
mediate their interaction. However, when the two V]’Ji are4 A away from each other (next-nearest
neighbours) they share an oxygen in a linear arrangement (V{; O V7,). As such, the oxygen
atom cannot screen the interaction, and the bond polarization is communicated through the
complex. This leads to a penalty of over 0.5eV in the binding energy calculation (figure 2). The
corresponding oxygen polarization three-dimensional vector plots (similar to figure 4) can be
found in the electronic supplementary material.

We note that significant deviations in the polarization of Br and Cl were also shown to be
correlated with Li* diffusion events in our previous work on LizInBrg and LisInBrs_,Cly [41,42].
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(d) Vacancy-induced local lattice distortion

In addition to electrostatics and polarization, vacancies interact with each other and with lattice
ions through local distortion. In §3(b), we explored the interaction between vacancies and
determined that the range of the vacancy’s combined charge and local strain effects extend to
a range of 6-7 A. In this section, we quantify the local distortion based on the octahedral anion
cage (Cl4O;) around each vacancy or Lit site. In the subsequent §3e, we will relate this local
distortion to the appearance of new diffusion mechanisms.

The anion cage around each LiT forms a compressed octahedron, with longer Li-Cl bonds
and shorter Li-O bonds. In the relaxed structure, this cage has a D4h symmetry with all atoms
sitting at their Wyckoff positions, which forms a reference structure for the ideal shape of the
coordination environment. To quantify the local distortion of each Li and V|; coordination
environment from this ideal shape, we relied on the continuous symmetry measure (CSM) [43], as
implemented within the SHAPE code [44]. The CSM was computed for each frame, with unitless
values ranging from zero, for a perfect match to the ideal reference coordination, to much higher
values for significantly distorted environments. For vacancy sites, the distortion was determined
using the site centre of the empty octahedral cage, which is determined by the Sitator Landmark
Analyses and is equivalent to the Wyckoff position. Note that CSM is size invariant, so isotropic
contraction or expansion is neglected.

The normalized probability distributions of calculated CSM values are shown in figure 5.
Figure 5a further separates the CSM distribution for the 1 vacancy simulation at 1100 K according
to environments around vacancies (vac), first Li neighbours to vacancies (neighbour), and actively
jumping Li (jump) (see electronic supplementary material for analogous plots for the other
simulations temperatures and vacancy concentrations). In the latter case, a jumping Li was
defined to include frames within a time window of 200 fs of the recorded discretized jump event
(see §2) in order to capture any distortion that might occur before or after the jump. The breadth
of the distributions is related to the softness of the Li cage with respect to thermal distortion;
however, there are also clear indications of additional vacancy-induced distortions. In particular,
although the vacancy sites themselves have low anisotropic distortion (presumably the distortion
is instead isotropic), their presence does cause the anion cages of their Li* neighbours to distort.
As a result, the neighbour shape distribution is shifted to higher CSM values with respect to
the average. The longer tail of this distribution also likely translates to a higher probability for
anharmonic distortions that are precursors to jump events. There is additional distortion from
thermal oscillations, which generates increased kurtosis in the tail of all distributions.

The CSM distribution around an actively jumping Li* varies significantly from the total
distribution, with two new peaks around 11 and 21 (see figure 54 inset), indicating complete loss
of the octahedral coordination environment. In particular, jumping Li* pass through a triangular
transition state geometry with one O>~ and two CI~ neighbours. Notably, this analysis provides
a secondary confirmation of jump detection.

Figure 5b compares the total CSM distributions from all simulations. It is clear that both
temperature and increased vacancy concentration increase the shape distortion of Li* on average.
This enhanced distortion is particularly strong for Li* neighbours to the vacancy (see electronic
supplementary material). The mean shape distortion of the first main peak from each total
distribution. Figure 5c shows that the increase in the shape distortion is roughly linear with the
number of vacancies, following a similar slope for each temperature.

We hypothesize that the distortion induced in anion cages near a vacancy induce additional
jump attempts, which may partially account for the increase in Dy observed for the higher
vacancy concentrations. To strengthen this connection, we computed the correlation between
each degree of distortion and the corresponding distance to a vacancy or actively jumping Lit.
In figure 6, we compare histograms of these distances for the 1 V7, simulation at 1100K after
binning the degree of CSM shape distortions into six groups from least to most distorted (CSM
ranges of 0-1.5, 1.5-3.0, 3.0-4.5, 4.5-6.7, 6.7-15.7 and 15.7-30.0). To highlight the changes in the
histograms with increasing distortion, the data are presented as differences with respect to the
least distorted reference (CSM 0-1.5; shown in the figure inset). A corresponding heat map of
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shape versus minimum distance is provided in the electronic supplementary material, along with
plots analogous to figure 5a for our other simulations.

The inset of figure 6 shows that least distorted octahedral environments (CSM values 0-1.5)
occur at regular distances corresponding to the Wyckoff positions, with a maximum distance
around 7 A. The distributions for CSM values up to three show similar behaviour. However, as
distortion increases, the correlation between shape and proximity to a vacancy or jump becomes
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stronger. Probability density is removed from the mid-range distances and added to the two
peaks around 1 and 2 A, which are both closer than the nearest-neighbour Li Wyckoff position
at 2.8 A. Li* with CSM shape distortions larger than 6.7 are actively jumping (figure 52) and are
concentrated within 2.8 A distances.

The most interesting insights can be obtained by focusing on Lit with CSM shape distortions
in the tail of the main peak distribution in figure 52, with CSM values between 3 and 6.7. Figure 6
shows that in this range, the distance histograms (bold green and red lines in figure 6) rapidly
transition between a distribution with characteristics of the reference low-distortion case to a
distribution that more closely mirrors actively jumping Li* (the high-distortion case). We may
therefore infer that these intermediate distortions represent jump attempts or are actively starting
or ending a jump. An additional plot of CSM shape evolution versus time for specific example
jump event in the electronic supplementary material further illustrate this connection.

Notably, while it is established that increased thermal energy leads to faster diffusion, the
temperature dependence of the CSM distortion distributions indicate that thermal oscillations
also lead to a larger degree of local lattice distortion, which in turn is associated with more
frequent jump attempts. In this respect, vacancies and thermal distortions act analogously.
Similarly, the increased shape distortions of Li* neighbours to vacancies and jumping Lit may
also indicate a softening of the lattice, which can further promote diffusion. In the electronic
supplementary material, we show that with increased vacancy concentrations, we do observe
a slight red shift in the temperature-dependent power spectrum. Indeed, previous studies have
demonstrated the correlation between soft lattice modes and fast ionic diffusion [45,46]. The
magnitude of the softening is relatively small, leading us to conclude that the local shape
distortion is the more dominant dynamical effect and nuanced analyses at the atomic scale are
illuminating.

(e) Additional vacancy-induced diffusion mechanisms

In addition to promoting additional jump attempts that raise the diffusion coefficient, vacancy-
induced lattice distortion can also lead to additional diffusion mechanisms. In particular, we
identify two additional diffusion mechanisms besides the dominant vacancy mediated diffusion
mechanism in our simulations between 1100 and 1500 K. Although vacancy diffusion remains
the primary mechanism, these two additional mechanisms play an increasingly important role
as vacancy concentration (or temperature) is increased. Both mechanisms are prompted by the
creation of a short-lived point defect; in particular, they start with an additional vacancy and self-
interstitial pair and end with the annihilation of the self-interstitial. We distinguish between these
two mechanisms here:

1. The dumbbell-like or knock-off mechanism. This mechanism involves concerted dynamics of
two Li ions. An Li* jumps into an already occupied Lit site, creating a self-interstitial
dumbbell. If the first jump then pushes its neighbour into a nearby vacancy, we label this
paired jump process a knock-off defect. Literature calculations show that the knock-off
mechanism has a slightly lower activation energy than the vacancy mediated diffusion,
but requires the dominant charge carrier to be an Li-interstitial [11,12,14,16,40]. We are
borrowing the term knock-off to describe a similar process in our simulations, although
we assume Li vacancies to be the dominant charge carrier.

2. The short-lived Frenkel defect mechanism. This mechanism features Li-interstitials and
vacancies that involve three or more jumps. We shall henceforth simply call these
‘s-Frenkel defects’. After the initial s-Frenkel interstitial and vacancy pair is created, Li™
can jump into the new vacancy (labelled ‘extra jump’) or the interstitial can push an Li
out of its site (labelled a ‘push’).

We used our jump tracking algorithm to categorize and track these additional diffusion
mechanisms (see §2). We keep track of jumps outside of the vacancy-mediated diffusion
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mechanisms in a (python) dictionary and designate them a new jump, an extra jump, or a
push by associating each jump with the initial self-interstitial creation. This dictionary is used
to distinguish between the s-Frenkel and knock-off mechanisms by tracking the number of jumps
before annihilation. We emphasize that most Li™ jump into a vacant site, as expected. However,
the additional s-Frenkel and knock-off mechanisms become more prevalent with temperature and
vacancy concentration, representing up to 15% of the total jump events. This trend is evidenced in
figure 7a, which tracks the increase in the prevalence of the self-interstitial ‘defects’ responsible for
the two alternative diffusion mechanisms as a function of temperature and vacancy concentration.

For the dumbbell/knock-off mechanism, the time between the first jump (the formation of
a vacancy and interstitial) and the second jump of the new interstitial into a vacancy site ranges
from under 10 fs (nearly simultaneous) to over 540 fs (from the four vacancy simulation at 1200 K).
The distribution of lifetimes is given in figure 7c. The average time between the two jumps over
all simulations is 60 fs.

Compared with the dumbbell/knock-off mechanism, the s-Frenkel mechanism tends to
feature longer-lived self-interstitial point defects, lasting up to 1550fs (1 V; 1500K). Longer-
lived defects are also more likely to occur in the lower vacancy concentration simulations because
the interstitial is less likely to be annihilated by combining with a vacancy. The distribution of
s-Frenkel lifetimes is given in figure 7c. and the average lifetime from all the simulations is
400fs. We also find that s-Frenkel jumps can be highly correlated. For instance, the maximum
number of jumps we recorded associated with a single s-Frenkel defect was 17 (2 V7, 1400K),
and the average number of jumps was 4. Our simulations show that the s-Frenkel defect can
be annihilated either by combining with its own created vacancy or by combining with a nearby
native vacancy, although we do not distinguish between these scenarios in our statistical analyses.
Examples from individual simulations are highlighted below.
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An example of an s-Frenkel defect involving four additional jumps from the 1 V|, simulation
at 1100 K is shown in figure 7b. This s-Frenkel defect self-annihilates. The native vacancy, initiated
at the beginning of the simulation and highlighted in green, is close to the self-interstitial creation
site, but is not involved and diffuses once to a new site over the 300 fs lifetime of the s-Frenkel
defect. The vacancy is created when Lit (yellow atom on the left) jumps and simultaneously
pushes another Lit away (yellow atom on the right). The Li" interstitial (blue box) sits two sites
away from the s-Frenkel vacancy. Then other Li™ neighbours (grey) are pushed to the left of the
frame, and one annihilates the s-Frenkel vacancy.

An example of a common knock-off mechanism can be illustrated using figure 2b and
considering the sites labelled Li, 4NN, and an asterisk in a linear arrangement. Imagine that the
vacancy is at the site labelled 4NN. The self-interstitial initiates at the site labelled Li and jumps
into the occupied site, pushing that asterisk Li into the vacancy site labelled 4NN. These sites are
58A apart, a common distance for knock-off mechanisms to initiate with respect to the vacancy
location. Figure 7e demonstrates a frame with the dumbbell shape from a knock-off mechanism
that lasted 40 fs in the 1 V{; 1300 K simulation.

The results of our analyses of these two new mechanisms show that they often initiate
close to native vacancy sites, indicating that the vacancies can induce the additional diffusion
mechanisms. Figure 7d shows the distribution of distances from the native vacancy of the
initial self-interstitial formation. Knock-off defects that are formed farther than 7 A away from
the vacancy are the result of the vacancy diffusing towards the defect. More s-Frenkel defects
are formed further from the native vacancies, showing that vacancies themselves are not the
only source of the additional diffusion mechanisms; rather, increased vacancy concentration
apparently acts in concert with increased temperature. This interplay between temperature and
vacancy concentration in promoting local lattice distortion has already been mentioned and
appears to also play out in the initiation of the two secondary diffusion mechanisms. The
contribution of these mechanisms rises with temperature, as more thermal energy is available
to form the defects and the distortion around the vacancies increases.

We note that the knock-off mechanism is especially related to the vacancy mediated diffusion
when the lifetime of the defect is short. Consider when two Li* jump within 10-50 of each other,
it is difficult to determine which Li* really jumped first because jumps often take around 30-50 fs
to complete (from the shape distortion analyses). Since 58% of knock-off jumps occur within 50 fs
of each other, these jumps could also be simply described as highly correlated jumps in space and
time, as we describe in §3f.

In summary, the initial proximity of the self-interstitials to native vacancies, combined
with the increased probability of forming self-interstitials (figure 7a) at higher vacancy
concentrations, lead us to conclude that vacancies increase jump attempts within the two
alternative dumbbell /knock-off and s-Frenkel mechanisms. The probability of these mechanisms
also increases with temperature faster for simulations with increased vacancy concentrations.
Consequently, the higher Dy of the four and three vacancy simulations may be in part due
to the increased prevalence of the two new diffusion mechanisms, in addition to the higher
frequency of jump attempts due to the vacancy-induced distortions. The knock-off mechanism
potentially has a lower activation energy barrier than the vacancy-mediated mechanism, which
may help to explain the lower activation energy barrier at these concentrations. Together,
we speculate that these factors contribute to the non-Arrhenius behaviour of the simulations
with one to three vacancies. Note also that significant increases in probability for the two
alternative mechanism occur at different temperatures depending on the vacancy concentration,
with higher concentrations favouring increases starting at lower temperatures. These changes
roughly correlate with the onset of non-Arrhenius behaviour from figure 1. In §3f, we will
explore correlated jumps between interacting vacancies and provide additional evidence of the
importance of spatio-temporal locality in the jump mechanism.
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(f) Additional evidence for spatiotemporal jump correlation

Correlated motion is a common factor that increases diffusivity in many of the promising
superionic materials, such as LijgGeP2S12 (LGPS) and LiyLazZr,O12 [47] (LLZO), which have
intrinsic vacancies and high concentrations of diffusive charge carriers. A correlation descriptor
that could predict beneficial correlated motion would help the discovery of new solid-electrolyte
materials; however, the effect of correlated motion on the diffusion mechanism is specific to each
material. For example, correlated motion of LiT in LGPS and LLZO can extend over distances
equal to many lattice vectors along diffusion channels [47]. In contrast, Li3OCl lacks defined
diffusion channels and features relatively low concentrations of V’Li charge carriers. Accordingly,
correlated motion in Li3OCl happens over much shorter distances and times; nevertheless, such
correlation is still a critical component of the diffusion mechanisms.

Our results provide strong evidence that correlated motion is beneficial to diffusivity in LizOCI
through the lowering of the activation energy barrier and promoting jumps in the same direction.
There are two common methods to demonstrate correlated motion: the Haven ratio, Hy, and the
distinct van Hove correlation function (figure 8). H, accounts for the effect of correlated motion
on conductivity, o, compared to the self-diffusivity, D, through the Nernst-Einstein relationship

o

2
g

where the previously undefined variables are 1, the nominal density of mobile ions, and g, the
charge of the mobile ion. The self-diffusivity can be experimentally determined by isotopically
labelling a few mobile ions and measuring the tracer diffusion coefficient, D*. It is then
straightforward to obtain the Haven ratio through H, = D*/D,, where D, is derived from the
Nernst-Einstein relationship after experimentally measuring o. If D, is larger than the tracer
diffusivity, then H, < 1, indicating beneficial correlated motion.

Now consider that D, increases with 1, but the self-diffusivity will not necessarily increase
because it is derived from the average MSD of all the mobile species:

N
D o AInit + AD = xit )y (3.2)

i=1

~ 6NAt

For many materials, this distinction is vital. For instance, D depends significantly on C(V{;) in
LizOCl due to the vacancy-mediated mechanism.

Computational studies have estimated H, through a number of methods [48], but the most
common approximation involves just setting H, =1, which denotes uncorrelated motion or the
dilute concentration limit. However, superionic materials are often far from the dilute limit,
questioning this approach. More accurate methods estimate the conductivity through the change
in the mobile ion charge density (or centre of mass). This method was used to show H, <1
for LipHOCI [19], Agl [49] and Lij9GeP,S12 [50]. In another method, H, is set equal to a
‘thermodynamic factor’, ' 1. The inverse, I, is then evaluated by averaging the fluctuations
in site occupation over the simulation [51]; using this approach, I'~! was found to be much less
than 1 for LisLazTapyO15 [52].

In this work, we choose not to estimate H, using the methods mentioned above because they
require robust statistics and thus very long simulations and large system sizes to converge D,.
However, in the electronic supplementary material, we present a simple method to estimate
correlated motion in the case of vacancy diffusion, which indicates correlated motion in the 1V£i
is minimal compared to higher vacancy concentrations. In addition, we quantify the correlation
between vacancies using other methods as described below, including incorporating a novel
spatio-temporal jump correlation analysis and comparing the angle between jumps. We point out
that correlation behaviour in superionic materials has also been estimated in several additional
ways by other researchers [38,53,54].

We first introduce a novel jump correlation spatio-temporal analysis. This analysis is very
similar to the distinct Van-Hove correlation function [55], G4(r, f), which tracks changes in the
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pair distribution function of distinct atoms over time. However, instead of tracking the distance
of all Li*, we confine our analysis to only track those Lit that jump. Specifically, we plot At,
the time between jumps, versus Ar, the distance between jumps. Figure 8 shows the jump
spatio-temporal plot for the 2 V|, simulation at (a) 1500 and (b) 1100K and the comparative
Gq(r, t) (other temperatures and vacancy concentrations are given in the electronic supplementary
material). These plots convey the probability that one jump will follow another. The probability
that correlated jumps occur is highly sensitive to the time and distance cutoff, which is displayed
simultaneously in the spatio-temporal plot. The probability is normalized with respect to the
density of sites within a volume slice r 4+ dr at a given distance 7. We also remove back-jumps if
they occur within 500 fs. A time cutoff for visualizing correlation was set to 1000 fs, as is standard
in plots of G4(r, t); thus, all jumps that occur within 1000 fs of each other are accounted for in the
analyses.

The first evidence of correlated motion is the high probability of two jumps occurring within
300 fs. Figure 8b shows the high probability as the black square at 2.8 A and 150 fs. At 1100K,
the most probable time between jumps is approximately 150 fs, which is much smaller than the
expected time between random jumps of 770 fs. This expected time is computed from a Poisson
distribution of random Markovian jumps based on the total number of jumps that occur in the
simulation time. Thus, we see that jumps are correlated rather than random, and are clustered in
time and space. Even at 1500 K, when the expected time between random jumps drops to 340 fs,
the most probable time between jumps drops to much lower than 100 fs.

The most probable distance between jumps are those starting from first nearest-neighbour
positions (INN) at 2.8 A. There are two possible scenarios that lead to 1NN jumps: (i) an Li*
jumps, leaving behind a vacancy, and its INN immediately jumps into the new vacancy location,
as shown by the black and grey arrows in figure 2b and (ii) two vacancies are close to one
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another, such that INN Li* then jump into those separate vacancies (leaving the vacancies as
first nearest neighbours), as shown by the black and red arrows in figure 2. We know that in the
2 V1, simulation there is a high probability of finding vacancies as nearest neighbours (figure 3),
so the second scenario is possible, but the first scenario is far more likely. In fact, the electronic
supplementary material shows that with 1 V7 ;, there still exists a high probability of finding INN
subsequent jumps between 100 and 200fs at 1100K, which can only be justified according to
the first scenario. We refer to these clusters of jumps in space and time as ‘hot zones’, where the
balance of enthalpy and entropy at a given temperature transfers to the entropic regime and many
jump events occur [56]. The s-Frenkel mechanism is also an example of an entropic ‘hot zone’.

The second evidence of correlated motion lies in the isolated high probabilities of jumps
occurring at Ar=4.9 A (3NN) and At =225fs, and at Ar=6.3 A (5NN) and At=200fs in the
2 Vi; 1100 K simulation. These isolated islands of higher probability are evidence of the hot
zone, where jumps are clustered in space and time. Note that there is no probability of jumps
at a distance of 4 A until 375 fs, likely due to the low probability of finding V[, at that distance
and the need to overcome a binding barrier for closely spaced vacancies (figure 2). Interestingly,
once kB T increases in the 1500 K simulation, jumps occur 4 A apart at any time interval. Further,
spatio-temporal plots given in the electronic supplementary material show that the probability
of finding jumps correlated in time and 4 A apart is less likely than the other near-neighbour
distances at 1100K for all the multi-V}; simulations. As the vacancies increase to 3 and 4, the
probability of finding two jumps within 100 fs increases at all the distances plotted, including at
4 A. In summary, correlated jumps at low temperatures are evident from the higher probabilities
of jumps occurring close in time and at close distances, especially INN/3NN/5NN. The spatio-
temporal jump correlation plots provide information on correlation beyond the distinct van Hove
correlation function analyses and can also be used to understand superionic materials with other
diffusion mechanisms.

The spatio-temporal plots demonstrate that correlated jumps occur, but not if their velocity
or direction is correlated. We find correlated motion in the same direction, which will increase
diffusivity compared to correlated motion in opposing directions. The repulsion between
vacancies can act to beneficially push one ahead of the other, leading to vacancies jumping in
a similar forward direction. This effect can be quantified by calculating the angle between jumps
iand j, 6;j, as a measure of short-range correlated motion. Henceforth, we define 6; as the two-
jump angle. This metric is inspired by the Bardeen-Herring correlation factor, which equals the
Haven ratio for vacancy-mediated diffusion assuming no vacancy interaction [48,57]; however,
our metric has an advantage in that it is appropriate for interacting vacancies like those found in
LizOCL

For our analysis, we select only jumps that occur within reasonable time and distance cutoffs,
as chosen from the spatio-temporal plots. In figure 9a,b, we set distance and time cutoffs at
Ar=6.4A and At=600fs, which captures correlated jumps that occur within 5NN at 1100 K.
We explore the sensitivity of our analyses to the cutoffs by comparing histograms of the two
jump angles. We show the 2 V|, simulations at 1100 and 1500K in the main text to isolate the
interaction between just two vacancies. The electronic supplementary material shows the other
concentrations and a larger time cutoff of 1600 fs.

Correlated motion in the same direction is demonstrated by sensitivity of the histogram to the
distance cutoff, especially if set to only capture jumps starting at INN and 2NN (blue and orange
in the histogram). Jumps in exactly the same direction (0°) are more common with a cutoff of 4.3 A
than with a larger distance cutoff. This trend holds at higher temperatures and C(V7 ), except for
the 1V} ; simulations at 1100 K.

Our jump correlation script filters out back-jumps, where an Li jump from site a to b and back
to a, within 500 fs. The filter lowers the probability of finding 6;; = 180°. However, some back-
jumps do occur, especially at the maximum time cutoff is 1600 fs. In addition, for the simulations
with multiple vacancies, jumps associated with different vacancies can result in ; ; = 180°.

Another indication of correlated motion can be found in the ratio of 6;; =90° to 120°. Within
the 600 fs time cutoff and temperatures = 1100-1200K, the probability of finding 6;; =120° is

65106102 6L 205 Y SUpi 144 ®1syjeuinol/bio'Buysigndaposefor



Downloaded from https://royalsocietypublishing.org/ on 22 November 2021

2V, jump angle histogram

(@)

IS

1500 K N

. 3NN

- . NN

=] 5NN
=
o
Q
©L
2
<
-
Q
N
E
1)
=

—~
S
—~

normalized angle counts

1100 K |
60°

0° 90° 120° 180°
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similar to 6;; = 90°. As temperature increases, more jumps in opposing directions are found with
6;j =120° or 180°. At the maximum time cutoff of 1600fs, all the distributions look similar (see
electronic supplementary material), with similar probability that the two jump angle equals 60°
and 120° and a lower probability of a 90°. In addition, at higher temperatures 45°and 135° angles
appear, for all vacancy concentrations, in addition to the 0°, 60°, 90°, 120° and 180° observed at
all temperatures.

In summary, we can extract three key indicators of correlated motion from the two jump
angle histograms: (i) beneficial correlated motion (not in opposing directions) is more probable
for nearest or next nearest Li in the multi-vacancy simulations. (ii) Correlated jumps in the
same direction (or at 90°) are found especially at lower temperatures and with a more strict
time cutoff of approximately 600fs versus 1600fs. High temperatures wash out some of the
effects of V}; interaction on correlated jumps. (iii) Less correlated motion is observed in the 1
V| ; simulation, and no obvious trends are observed that suggest more correlated motion for a
particular simulation with multiple V7,.

4. Conclusion

Through comparing simulations at increasing Vj; concentrations in LizOCl, we find
that analysing the effect of vacancies on their local environment sheds light on the
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non-Arrhenius behaviour and lower activation energy barrier of simulations with 1.5-2%
vacancy concentrations. The vacancies affect the lattice through local strain and polarization of
neighbouring ions. The local strain distorts the octahedral environment of Li* close to the vacancy
and induces jump attempts, including jumps that lead to additional diffusion mechanisms
outside the dominant vacancy-mediated mechanism. At higher vacancy concentrations, the close
proximity of many Vii enhances the lattice distortion, which promotes cascades of correlated
diffusion events. The additional diffusion mechanisms and evidence of correlation motion were
revealed through novel analyses of discrete vacancy diffusion events. In addition, vacancy—
vacancy interactions were shown through detailed energetic, structural, and dynamic analyses.

We note that it is difficult to synthesize H-free Li3OCl and thus directly compare our
computational results to experiment [9], which feature a range of E; values spanning 0.25-
1.1eV. Furthermore, lithium hydroxychloride shows almost an order of magnitude difference
in conductivity between the 10% proton ‘doped” and 20% (and above) doped anti-perovskites
[17,20]. However, the activation energies at different doping levels are similar, so the effect must
be from higher concentrations of charge carriers and potentially a higher jump attempt frequency.
At low proton concentrations in Liz_,OH,Cl, the mechanism is still vacancy mediated and most
jumps do not involve interactions with protons. Accordingly, our results regarding the importance
of the vacancy’s local distortions and correlated motion should map onto experimental realities,
with qualitative applicability across a wide range of compositions.
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