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ABSTRACT: Superionic conductors have great potential as solid-state electro-
lytes, but the physics of type-II superionic transitions remains elusive. In this study,
we employed molecular dynamics simulations, using machine learning force fields,
to investigate the type-II superionic phase transition in @-Li;N. We characterized
Li;N above and below the superionic phase transition by calculating the heat
capacity, Li* ion self-diffusion coefficient, and Li defect concentrations as functions
of temperature. Our findings indicate that both the Li" self-diffusion coefficient
and Li vacancy concentration follow distinct Arrhenius relationships in the normal
and superionic regimes. The activation energies for self-diffusion and Li vacancy
formation decrease by a similar proportion across the superionic phase transition.
This result suggests that the superionic transition may be driven by a decrease in
defect formation energetics rather than changes in Li transport mechanism. This
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insight may have implications for other type-II superionic materials.

1. INTRODUCTION

Superionic conductors exhibit a thermodynamic phase
transition at a temperature T, changing from a low ionic
conductivity phase to a high ionic conductivity phase. The low
temperature and high temperature phases are characterized by
their diffusion characteristics and are called the normal and the
superionic regimes, respectively.' > The transition from the
normal to the superionic regime can be either abrupt (type-I)
or continuous (type II). For many superionic conductors, the
atomistic mechanisms of ion transport in the superionic regime
are not well understood. Furthermore, for type-II superionic
transitions, the physical origins of the normal-to-superionic
transition are often unclear."” An improved understanding of
ion transport in the superionic regime and the underlying
physics of the superionic phase transition could significantly
aid the development and optimization of superionic solid
electrolytes, with these having potential applications in various
devices like fuel cells and all-solid-state batteries.*””

Several mechanisms have been suggested to explain the
superionic phase transitions in various superionic solid
electrolytes. These include order—disorder transitions,” "
competition between local atomic preferences (often described
as frustration),'” and overpopulation of existing lattice sites
(sometimes referred to as jamming).'”'® Moreover, in some
materials, the superionic transition is accompanied by
significant changes in vibrational spectra. For instance, in
CuCrSe,,"" AgCrSe,,"” y-LiAlO,, and Cu,PSes,'® the superi-
onic transition is linked to a breakdown of specific phonon
modes that are dominated by mobile ions.
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Vibrational properties have also been studied in the context
of materials discovery. When compared to other material
descriptors, vibrational properties have been shown to
correlate the most with diffusivity'” and a cheap-to-compute
harmonic descriptor, the phonon—band center, was employed
in a high-throughput workflow.”>*" Vibrational descriptors can
be further improved by including an anharmonic description of
the phonons. Anharmonic descriptors displayed larger
correlations with diffusivity when compared to harmonic
descriptors,19 while harmonic and quasi-harmonic descriptions
of the phonons failed to provide a signature of the superionic
transition in Li3N.22

In this study, we use long-time scale Machine Learning
Molecular Dynamics (MLMD) to investigate the behavior of
the archetypal superionic conductor Li;N across the superionic
transition. We characterize variations in diffusion, defect, and
phonon properties between the normal and superionic regimes
and discuss the implications of these changes for ion transport
in Li;N and other type-II superionic conductors.

Li3N is a structurally and compositionally simple superionic
conductor that has been widely studied.”™** Li;N exhibits
three crystalline phases: the a-phase (Figure 1), the f-phase,
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Figure 1. Oblique and top views of the Li;N structure (P6/mmm).

and the y-phase. The f-phase is thermodynamically stable
below 300 K,** which is well-below the suggested superionic
transition temperature of 588 K < T, < 678 K.>* The y-phase is
only stable at high pressure.”” We focus exclusively on a-Li;N
here, which we refer to as Li;N for simplicity.

Li;N has a layered structure with alternating layers of Li,N
layers and pure Li, as illustrated in Figure 1. We refer to the Li
sites within the pure Li layers as Li(1) and those within the
Li,N layers as Li(2). At 300 K, Li* ions in Li;N undergo three-
dimensional diffusion, with a rate of 1.2 X 107> S/cm™ in the
ab-plane and 1 X 107° S/cm™ along the c-axis.”® Notable, the
rate of 1.2 X 1073 S/cm™! stood as the highest recorded room-
temperature Li* ion conductivity for a crystalline phase for
many years. Commercial applications of Li;N, however, have
been hindered by a low decomposition potential of 0.45 V
versus Li*/Li.*

While Li;N is often discussed as an archetypal superionic
conductor, the existence of a well-defined superionic transition
has not been demonstrated. Previous X-ray diffraction data,
however, may indicate a superionic transition within the
temperature range of 588 K < T, < 678 K.>* Across this
temperature range, the ionic conductivity increases continu-
ously,”” which would be indicative of a type-II superionic
transition. X-ray data from Schulz and Thiemann suggest that
the superionic transition would be driven by the increasing
amplitude of strongly directional anharmonic vibrations
between Li(2) sites and that these anharmonic vibrations
would also promote diffusion in the superionic phase.**

The diffusion mechanism of LizN in the normal regime has
been extensively studied using classical Molecular Dynamics
(MD),***” ab initio Molecular Dynamics (AIMD),*"** and
nonequilibrium MD.** The diffusion mechanism in the
superionic regime, however, remains unclear. Studying the
dynamics of superionic solid electrolytes both above and below
their superionic transition temperature using computer
simulation presents a challenge for two reasons. First,
conduction mechanisms in the superionic regime are often
complex”'*71%*7% and can be sensitive to the exact
chemistry of the material under consideration. Therefore,
simulation methods that can accurately predict diffusion
behavior in the superionic phase should be used, even when
there is a lack of experimental data for parametrization.
Second, ionic conductivities in the superionic and normal
regimes can differ by several orders of magnitude, requiring
different simulation time scales to reach long-time diftusive
behavior in each case.

AIMD is a powerful tool for studying the dynamics of
superionic phases, in part because it does not require
parametrization from experimental data. AIMD simulations,
however, are computationally costly and are typically limited to
simulations of hundreds of atoms over time scales of
picoseconds.””*® While this can be sufficient to characterize
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the diffusive regime in a superionic phase, this is often
inadequate for studying diffusion at lower temperatures, where
ion transport is much slower. Empirical potentials can be used
to study long-time scale diffusion behavior in poorly
conducting low-temperature systems.”” These potentials can,
however, be challenging to parametrize well and may not
equally describe both the normal and superionic regimes.

To address the problem of simulating diffusion in both the
normal and superionic regimes, we use Machine Learning
Molecular Dynamics (MLMD), training a Gaussian Approx-
imation Potential (GAP)-style’”>" Machine Learning Force
Field (MLFF), using on-the-fly sampling of reference
configurations.”> The resulting MLFF offers near-DET
accuracy without empirical parametrization and has a
significantly reduced computational cost compared to direct
AIMD simulation. This method allows us to perform
simulations of thousands of atoms over nanosecond time
scales. Crucially, it also enables us to sample diffusive behavior
in both the superionic and normal regimes.

From our MLMD data, we first computed the constant
volume heat capacity as a function of temperature. We identify
a peak at T, = 625 K, which we assign as the superionic
transition temperature. We observe non-Arrhenius diffusion
behavior, characterized by a discontinuous change in the
activation energy for the Li" self-diffusion coeflicient, D*, at T
Analysis of the Li substructure in terms of point defects reveals
that some proportion of Li* ions move from Li(2) sites,
forming Li(2) vacancies and doubly occupied Li(2) or Li(1)
sites. Considering Li vacancy concentrations as a function of
temperature reveals behavior similar to that for the Li" self-
diffusion coefficient. Li(2) vacancy concentrations show non-
Arrhenius behavior with a discontinuous change in formation
activation energy at T, The relative change in the Li(2)
vacancy formation activation energy across the superionic
transition is quantitatively similar to the corresponding change
in D*, which suggests that the superionic transition in Li;N
might be explained by a decrease in the energy required to
create defect pairs by displacing Li* ions from the Li(2) sites at
T..
Through an analysis of time-averaged Li" densities, we
identify two local diffusion pathways between Li(2)—Li(2) and
Li(2)—Li(1) site pairs. This results in three-dimensional
diffusion at all temperatures, with D} > D¥.

Finally, we assess the variation in calculated phonon line
widths as a function of temperature in the normal and
superionic regimes. We find that the computational method we
use’® becomes unreliable when non-negligible diffusion occurs
on a simulation time scale and that this method is not suitable
for discriminating between the normal and superionic regimes.
Nevertheless, calculating the full power spectra using a
different method that remains reliable under diffusive
conditions reveals that all features in the power spectra
significantly broaden with increasing temperature, especially
above T,

2. METHODS

2.1. First-Principles Calculations. First-principles calculations
were carried out using Density Functional Theory (DFT). All DFT
calculations were performed within the VASP code,™ using the
PBEsol generalized gradient approximation exchange—correlation
functional.> Projector augmented—wave pseudopotentials were used
to model the ion cores,”®"” while treating the N 2s and 2p, and the Li
1s and 2s electrons as valence electrons. We used 4 X 4 X 4
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Figure 2. Benchmarking of the machine learning force field with respect to (a) DFT energies (errors in meV/atom), (b) DFT forces (errors in eV/
A), (c) AIMD mean-squared displacements of Li* (error bars show estimated confidence intervals of one standard deviation), and (d) DFT

harmonic phonons.

Monkhorst—Pack k-point meshes to sample the Brillouin zone.*® k-
point mesh sizes were reduced for relevant supercell calculations to
preserve the net k-point density. For geometry optimizations and
force calculations, the electronic wave functions were expanded in a
plane-wave basis with a kinetic-energy cutoff of 950 eV. The kinetic-
energy cutoff was reduced to 400 eV for AIMD and the MLFF
training. Geometry optimizations were performed using a quasi-
Newton algorithm with a convergence setting of 0.005 eV A™! for the
atomic forces. The resulting optimized structure of Li;N is shown in
Figure 1. The calculated lattice parameters for this DFT-optimized
structure compares well with previous computational and exper-
imental data. More detailed information can be found in ref 22.

2.2. Machine Learning Molecular Dynamics. We use MLMD
as implemented in VASP.*>*” In this model, the potential energy U of
a structure is approximated by a sum of local atomic energies U,

U=

i

U

1 1)

where N is the number of atoms in the structure. The local atomic
energy of an atom i is assumed to be determined by its local
environment, represented as a descriptor that is chosen to be invariant
under translations, rotations, and permutations of identical atoms. In
this work, we used descriptors based on the smooth overlap of atomic
positions (SOAP).60

The local environment around an atom i is represented by the
neighbor density function p;, which is defined in terms of the
positions of atomic neighbors within a cutoff radius R,

/)l(r) = 2 5(r — rij)fcm(lrijl)
j

N

)

where r; = r; — r; and f,, is a cutoff function, as defined by Behler and
Parrinello® that smoothly removes information outside R_,. In the
descriptors used, the delta function 5(r) is replaced by a normalized
Gaussian function, and the set of these Gaussian functions is used to
define rotationally invariant functions, each comprised of a radial
distribution function p® and an angular distribution function p,(3).
The radial and angular distribution functions are expanded in terms of
Bessel functions, which are used as radial basis functions for p{* and
p®. The angular distribution function is also expended in terms of
spherical harmonics, which are the angular basis functions. The
expansion coefficients of the radial and angular neighbor densities are
collected into a vector to form the descriptor of the conﬁ§uration of
atom i as X;. A Gaussian Approximation Potential (GAP)(’ is used to
relate the descriptors to the atomic potential energy U;. The potential
is defined by a set of Ny training configurations { X, | iz =1, .., N }

and fitting parameters w;,

with similarity between two configurations
measured using a polynomial kernel K:
Ny
U= Z WEBK(Xil XiB)
=1 (3)
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The coefficients w;, are optimized using Bayesian linear regression to

map reference configurations to their ab initio energies per atom and
their forces and stress tensors.

2.2.1. Training. We trained a Machine Learning Force Field
(MLFF) for Li;N using an on-the-fly method, as implemented in
VASP.>* This method generates a training data set by performing
hybrid AIMD + MLMD simulations, with first-principle ab initio steps
performed only when local environments that differ significantly from
the set of environments already stored as training data are
encountered. Newly encountered local environments, and their
associated energies, forces, and stresses, are stored in the training
data set. This on-the-fly method has proven to be successful at
predicting the melting points of Al, Si, Ge, Sn, and MgO,52 as well as
the phase transitions in hybrid perovskites.>

In this work, we performed training in a canonical (N, V, T)
ensemble using a Nosé—Hoover thermostat. We chose a canonical
ensemble over an isobaric—isothermic (N, p, T) ensemble because we
found volume effects (Figure S4) to be marginal for the properties we
investigated.22 We note, however, that including volume effects would
likely increase defect populations as it would reduce Li—Li repulsion
when forming split interstitials. Nevertheless, since the volume
expansion is small over the temperature range investigated, we assume
that this effect will also be small. MD simulations with a variable cell
volume were, therefore, unnecessary. We used a 4 X 4 X 4 supercell
for the training, and all MD simulations were run with a time step 6t =
2 fs.

For the force-field generation, radial and angular cutoffs were both
set to 5 A. We used Gaussian functions with a width of 0.5 A to
broaden the atomic distributions used for both descriptors. The radial
and angular descriptors were expanded by using eight radial basis
functions. The MLFF training involved an initial 100 ps heating run
from 300 to 1000 K, followed by training for 100 ps at 300 K, 100 ps
at 600 K, 500 ps at 678 K, and 200 ps at 900 K. The range of
temperatures used in training our MLFF includes temperatures well-
below, well-above, and around the experimentally proposed
superionic transition temperature. After the complete training routine,
the training data set included 659 DFT structures. The final MLFF
was constructed using 2553 Li and 595 N local reference
configurations.

2.2.2. Validation. To validate our MLFF, we compared per-
configuration energies and forces, plus Li* mean square displacement
(MSD), and harmonic phonons, calculated using our MLFF versus
DFT calculations (Figure 2). To generate a new data set of structures
distinct from the training data set, we used AIMD simulations
performed at 300, 400, 500, 600, 678, and 800 K from our previous
work on Li;N.>* At each temperature, we performed 10 independent
AIMD simulations using different random seeds. Each simulation was
run for 8000 steps, giving a total of 160 ps of independent trajectory
data at each temperature. To obtain energies and forces, we randomly
selected 20 structures per independent trajectory for each temper-
ature, giving a total of 1200 random structures. We then performed
single-point calculations on each of these structures using DFT and

https://doi.org/10.1021/acs.chemmater.3c01271
Chem. Mater. 2023, 35, 6133—-6140


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01271/suppl_file/cm3c01271_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01271?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01271?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01271?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01271?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

MLFF and calculated the Root Mean Squared Errors (RMSE), Mean
Absolute Errors (MAE), and MAXimum absolute errors (MAX)
between the DFT and MLFF data. As expected, the errors in energies
are larger at higher temperatures due to the complex local
environments observed when diffusion occurs at such temperatures.

We calculated the MSD and their uncertainties over a time scale of
15.4 ps, averaging over each set of 10 independent runs obtained with
AIMD and MLMD. We excluded the first 300 steps of each
simulation to ensure that only diffusive motion was investigated. The
MSD benchmark shows quantitatively similar behavior for both
AIMD and MLMD simulations, indicating that diffusion is well
described at high temperatures.

To compute the harmonic phonon dispersion, we computed
harmonic force constants within a 2 X 2 X 2 supercell using the finite-
difference method implemented in PHONOPY.®® For the DFT-based
force calculations, the plane-wave energy cutoff was set to 400 eV,
which is the value used for the MLFF training. Good agreement is
observed between DFT and MLFF for energies, forces, MSD, and
harmonic phonons. The MLFF has near-DFT accuracy, which gives
us confidence in the results presented in this study.

2.2.3. Production. For the calculation of all properties excluding
anharmonic phonons, we used 1 ns simulation runs in an 8 X 8 X 8
supercell of 2054 atoms. We ran simulations at 200, 250, 300, 350,
400, 430, 450, 470, 500, 550, 600, 630, 640, 650, 700, 750, 800, 850,
and 900 K. For anharmonic phonons, we used production runs
ranging from 500 ps to 3.5 ns in a 4 X 4 X 4 supercell of 254 atoms, so
that the data produced could be compared directly to those from our
previous study using AIMD to model the phonon properties of
Li3N.7'2 In this part of the study, we ran simulations at 450, 500, 600,
678, and 800 K.

2.3. Heat Capacity. The heat capacity at constant volume, Cy,
was estimated numerically via®*

G0 = [%) @)

Cy(T) was obtained from central differentiation. MLMD simulations
were performed at temperatures T} and T,, where AT = T, — T|. We
then extract the corresponding mean internal energies of the
simulations E, and E,, where AE = E, — E,. The simulations ran at
temperatures ranging from 200 to 900 K with a constant AT = 50 K
were used to calculate the heat capacity.

2.4. Lithium Transport. To characterize Li* transport, we
calculate Li* mean-squared displacements (MSD) as a function of
time interval At via

> (8)

where Ni; is the number of Li* and the angle brackets denote an
average over time origins. The self-diffusion coefficient, D*, is related
to the long-time slope of the MSD by the Einstein relation

MSD(At)
2dAt (6)

where d is the dimensionality of the system. All diffusion analysis was
performed using KINISI, which uses Bayesian linear regression to
estimate D* via Markov-chain Monte Carlo (MCMC) sampling of
linear models, m = 2dD*At + ¢, that are consistent with the observed
simulation data.®® The temperature dependence of D* was modeled
using the exponential form of the Arrhenius expression

N
% 3 (¢ + At) — x(8)P

Li

MSD(At) = <

D* =

At— o0

D*(T) = A exp(—E,/kT) (7)

where E, is the self-diffusion activation energy. “Best fit” Arrhenius
relationships were determined using nonlinear Bayesian regression,
with the full posterior distribution p(D*) at each simulation
temperature used as inputs. Only converged D* values obtained for
simulations where the diffusive regime was reached within the
simulation time scale (T > 400 K) were used in this part of the
analysis.
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We also compute time-averaged probability densities of the Li*
ions, P(r;), by projecting the MLMD trajectory onto a uniform 3D
grid and calculating the time-average number of atoms at each grid
point.(76

2.5. Site-Projection Analysis. To analyze the mechanistic details
of ion transport, we perform a site-projection analysis.” This involves
projecting the positions of Li" jons at each simulation step onto
discrete bounded volumes, which correspond to “sites within the
host structure. We define two Li sites using Voronoi decomposition of
the simulation volume, with the crystallographic Li(1) and Li(2)
positions used as seeds for the Voronoi cells. By projecting
instantaneous Li" positions onto these Voronoi cells, we can identify
and count sites that are vacant or doubly occupied. These sites can
formally be described as vacancy- or split-interstitial-type defects. We
model the temperature dependence of these defect concentrations
using an exponential Arrhenius-like model,

[Vi;) = [Li] exp(—E;/2kT) )

where [Li] = [Li(1)] + [Li(2)] and E; is an effective vacancy-
formation energy. To fit this model, we use the mean observed defect
concentrations from our simulations at each temperature as input and
fit using nonlinear least squares. For consistency, we restrict ourselves
to simulations where the diffusive regime was reached within the
simulation time scale (T > 400 K) in this part of the analysis.

3. RESULTS

3.1. Superionic Phase Transition. To analyze our
MLMD simulation trajectories, we compute the constant
volume heat capacity, Cy, the Li* self-diffusion coefficient, D¥,
and the concentration of defects at each simulation temper-
ature.

The calculated constant volume heat capacities (Figure 3)
show a heat capacity peak at T = 625 K, and we, therefore,

1 i
116 Ts=625K —v-}l ° +
i i e o °
1141 ) i °
i ]
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_ 1124 o | ]
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Figure 3. Calculated constant volume heat capacity as a function of
temperature. T, is assigned as the temperature value at the heat
capacity peak.

assign the superionic transition temperature, T, to this value.
We note that our assignment of T, is limited by our
temperature step AT = 50 K, and the “real” peak value
could be found anywhere in the range 575 K < T, < 675 K
highlighted in Figure 3. Our predicted range for T is
consistent with the range suggested by Schulz and Thiemann
of between 588 and 678 K.** A finer AT = 10 K was tested to
refine our estimation of T however, we observed a
discontinuity at T = 645 K (Figure SS), which suggests that
the energies obtained from the current generation of molecular
dynamics trajectories are not converged enough with respect to
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simulation time and supercell size to use a finer grid than AT =
50 K. We also note the slight rise in Cy around 875 K, which
may come from premelting phenomena (T, = 1087 K), or
larger errors on energies at higher temperatures (Figure 2(a)).

Our calculated self-diffusion coefficients over the complete
range of simulation temperatures exhibit non-Arrhenius
behavior (Figure 4(a)); the gradient dIn D*/dT is smaller at
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Figure 4. (a) Estimated directionally resolved self-diffusion
coefficients, D*, and (b) defect concentrations as functions of
temperature. Self-diffusion coefficient error bars show credibility
intervals of 1 standard deviation. The blue and red shaded regions
indicate temperatures above or below the superionic transition
temperature range 575 K < T, < 675 K. The dotted lines show fitted
Arrhenius relationships to the high-temperature “superionic” and low-
temperature “normal” data.

high temperature, corresponding to a lower activation energy,
than at low temperature. By subdividing our self-diffusion
coefficient data into low-temperature “normal” (T < 675 K)
and high-temperature “superionic” (T > 575 K) subsets, we
find two regimes with distinct Arrhenius behaviors. Distinct
Arrhenius behaviors in the normal and superionic regimes have
been observed in other superionic conductors including
fluorites’ and AgCrSe,.'” From our Dj, data, we assign
activation energies of E, , = 0.4097(8) eV and E, = 0.2636(3)
eV to the normal and superionic regimes of Li;N within a 95%
confidence interval, respectively. We note that D} and D¥
follow the same Arrhenius relationships as Djj, and hence
share the same activation energy barriers in the normal and
superionic regimes. Nevertheless, D}, > D¥ at all temperatures,
and the ratio D}/D¥ decreases with temperature, which agrees
with the experimentally observed decrease in conductivity
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anisotropy reported for Li;N single crystals.”® The change in
self-diffusion activation energy across the superionic transition
temperature suggests a corresponding change in how Li* ions
migrate: either the ease with which individual ions migrate or a
change in the fraction of Li* ions that participate in diffusion in
a given time window.

By projecting Li-ion positions onto Li(1) and Li(2) sites, we
find that Li(2) sites become increasingly vacant with increasing
temperature, while both Li(1) and Li(2) sites exhibit some
double occupation (Figure 4(b)). Li(1) sites, on the other
hand, are always occupied.

Similar to our analysis of the self-diffusion coefficient D*, we
separate our Li-defect concentration data into normal and
superionic subsets, which results in two regimes that exhibit
distinct Arrhenius relationships. From our Li(2) vacancy
concentration data, we assign defect formation energies of Eg,
0.72(6) eV and E;, = 0.38(2) eV to the normal and
superionic regimes within a 95% confidence interval,
respectively. This change may be attributed to defect—defect
interactions that lower the average formation energy at a
critical defect concentration reached at T,. The fraction of Li
sites that are vacant reaches a value of 1% at ~T,. Across the
superionic transition, the defect formation energies decrease by
a similar factor as for the diffusion activation energies,
compared to their low-temperature values. This result suggests
that the superionic transition is facilitated by a decrease in the
defect formation energy at T,. Low migration energy barriers,
E,, calculated from nudged elastic band,*® already suggested
that the bottleneck for diffusion came from E; and not E,,.

The data presented in Figures 3 and 4 demonstrate that
Li;N undergoes a superionic transition, where previous
experimental measurements could only suggest such a
transition.**

3.2. lon Diffusion Pathways. Examination of time-
averaged Li* densities shows the presence of diffusion channels
between both Li(2)—Li(2) sites and Li(1)—Li(2) sites (Figure
S), which appear unchanged with temperature. In the previous

Figure S. Time-averaged Li* density at 650 K, showing diffusion
channels between both Li(2)—Li(2) and Li(1)—Li(2) sites.

section, using site-projection analysis, we identified that Li(2)
sites become vacant, allowing Li* to diffuse, while both Li(1)
and Li(2) sites become doubly occupied. Figure S and
temperature-dependent radial distribution functions (Figure
S6) show that Li* that are displaced from their crystallographic
positions are not accommodated as conventional interstitial
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point defects but instead form split interstitial defects through
double-occupation of Li(1) or Li(2) sites.

Combining our observations from site-projection analysis
and time-averaged particle densities suggest that, by using
MLMD, we observe a similar diffusion mechanism to the one
described by Mulliner et al. using nonequilibrium MD.* They
proposed that Li* ions were able to leave their Li(2) sites,
creating vacancies in the conduction layer, to form Li, pairs.
Two dimer configurations were suggested: one formed with an
ion at another Li(2) site (vertical dimer) and another with an
ion located at a Li(1) site (horizontal dimer). Previous studies
using AIMD*"** and classical MD***" suggested that Li*
forms similar split interstitials around Li(1) sites. In ref 42,
Li(2) split interstitials were also observed. The observations
listed here are consistent with the split interstitials that emerge
in our trajectories (Figure 4(b)), highlighting MLMD as the
method of choice to study ionic conductors.

3.3. Effect of Diffusion on Anharmonic Lattice
Dynamics. A computational phonon breakdown of all phonon
modes at T > T, was previously predicted using AIMD and
taken as a signature of the superionic phase.”” The diffusive
regime, however, could not be simulated for T < T; due to the
limited simulation time scale, and it was unclear whether the
computational phonon breakdown was a consequence of Li"
ions being mobile on the simulation time scale, or of the
superionic transition occurring at T,. We now have the
opportunity to reassess our conclusions using MLFF-based
simulations. Within the time scales that are achievable by our
MLFF, we are able to simulate the diffusive regime for
temperatures as low as 450 K.

To calculate phonon lifetimes at different temperatures from
the MLMD trajectories, we used DYNAPHOPY.> The
methodology for projection onto bulk harmonic phonon
eigenvectors and the associated line width calculations is
described in Supporting Note I. We find that this approach,
used in our previous report for shorter MD time scales,” is not
suitable when non-negligible diffusion occurs in the simulation.
These projections onto bulk phonon modes cannot be used to
discriminate between the normal and superionic diffusion
regimes. We stress that this result is an effect of the limitations
of projecting diffusional dynamics onto a set of bulk phonon
eigenvectors; it is not due to a breakdown of lattice dynamics
theory under diffusive conditions. This point is discussed
further in Supporting Note I and Figure SI.

Since the projection onto the bulk phonon eigenvector fails,
we calculate the full power spectra without a priori projection
and investigate how they vary with temperature (Supporting
Note II and Figure S2). It is difficult to perform quantitative
analysis on the data, but qualitative insight can be gained. The
full shape of the power spectra remains distinguishable at all
temperatures; however, all features significantly broaden with
increasing temperature, especially above T,

4. CONCLUSIONS

We used machine learning force fields to sample diffusive
properties of Li;N above and below the superionic transition.
From the calculated values of the heat capacity at a constant
volume, we identify the superionic transition temperature of
Li3N to be T, & 625 K. The normal and superionic regimes are
found to fit two distinct Arrhenius relationships for self-
diftusion coeflicients and defect concentrations. The activation
energies for self-diffusion and Li vacancy formation decrease by
a similar factor across the superionic phase transition, which
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suggests that the superionic transition may be mediated by a
decrease in defect formation energetics. We suggest that
defect—defect interactions may be responsible for lowering the
formation energy at a critical defect concentration reached at
T..

Analysis of time-averaged Li" densities reveals two local
diffusion pathways between Li(2)—Li(2) and Li(2)—Li(1) site
pairs, giving three-dimensional diffusion at all temperatures,
with D¥ > Djf. According to our analysis, however, the
diffusion pathways remain unchanged with temperature.

Looking beyond Li;N, a consequence of this work is that the
superionic phase transition in type-II superionic materials may
be understood as a decrease in defect formation energetics.
More effort is needed to understand how defect formation and
defect—defect interactions are related across the superionic
phase transition so as to identify what material characteristics
may facilitate defect formation and drive the superionic
transition.
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