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Lithium diffusion in Li,X (X = O, S, and Se): Ab initio simulations and inelastic neutron
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We have performed ab initio lattice dynamics and molecular-dynamics studies of Li,X (X = O, S and Se)
to understand the ionic conduction in these compounds. The inelastic neutron scattering measurements on Li, O
have been performed across its superionic transition temperature of about 1200 K. The experimental spectra
show significant changes around the superionic transition temperature, which is attributed to large diffusion of
lithium as well as its large vibrational amplitude. We have identified a correlation between the chemical pressure
(ionic radius of X atom) and the superionic transition temperature. The simulations are able to provide the ionic

diffusion pathways in Li, X .
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I. INTRODUCTION

Solid-state batteries are highly sustainable and stable [1,2].
The use of solid electrolyte between the electrodes has en-
abled one to solve the issue of dendrite formation and leak-
age of electrolyte [1,3]. An extensive amount of research is
underway to predict and design solid ionic conductors with
ionic conductivity in the range of that of liquids [4-19].
They are called the superionic conductors and possess an
extremely low potential-energy barrier for diffusion in the
solid state. Li ion batteries play a very important role in
hybrid electric vehicle and large-grid technology [20,21].
Tonic conductivity of electrode and electrolyte materials is an
important parameter for the operation of Li-based batteries
[20,22]. The diffusion coefficient of Li,S and Li,O has been
found to be 1.39 x 107" m?/s[23]and 1.19 x 10~° m?/s [24]
at elevated temperature, respectively. Such compounds find
application in photocathodes, fuel cells, power sources, UV
space technology appliances, etc.

There is a fundamental difference between the con-
ventional ionic conductors and superionic conductors. Su-
perionic conductors show large ionic conductivity usually
>0.1mScm™! above certain temperature in contrast to con-
ventional ionic conductor [4-19]. Further, in case of su-
perionic conductors, there is a clear indication of a phase
change, either sharp or diffuse, during which conductivity
rises [15,25,26]. The superionic transition is classified in two
groups, type I and type II. The type-I transition is a first-order
transition characterized by a sudden change of the diffusion
coefficient above the transition temperature, while in type-II
superionic conductor the diffusivity changes continuously. Li
ion diffuses while the host lattice (oxygen/sulfur/selenium)
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ions constitute the rigid framework. The mechanism and rate
of Li diffusion through Li-based battery materials have been
studied extensively [21,27,28]. In addition, different strategies
have been proposed to increase the carrier concentration and
mobility in order to improve the Li ion conductivity in solid-
state materials [28,29].The search of superionic conductor
Li;0GeP,S, by Kamaya et al. [14] triggered the attention
of material scientists to activate the field of Li and Na supe-
rionic conductors. Many oxides and sulfide compounds like
Li;LasZr,Oj, [6] and sodium (Na) Super Ionic CONductor
(NASICON) [30,31], discovered later, were found to exhibit
high Li ionic conductivity of ~1—10mScm~" at room tem-
perature, and low activation energy, ~0.2-0.3 eV.

Above the superionic transition temperature, diffusion of a
particular species of ions occurs inside a solid, often referred
to as a sublattice melting, which may be accompanied by
softening of the related phonon modes [32-34]. The eigen-
vector of these soft modes can be related to the directions of
ionic diffusion and hence might suggest the minimum-energy
pathways for diffusion [34,35]. The static energy transition
calculations along those specific pathways can be used for
estimation of the activation energy barrier. Understanding
the role of anharmonic phonon modes responsible for the
diffusion mechanism is very important for improving ionic
conduction.

Extensive experimental and theoretical studies have been
carried out to understand the structure and diffusion behavior
of superionic compounds [17,36,37]. X-ray diffraction,
neutron scattering, dielectric- and NMR spectroscopic
techniques proved useful for characterizing the structure and
ionic conduction in the battery materials [38—41]. However,
the underlying mechanism of atomic-level behavior of atoms
giving rise to these properties can be studied well by ab initio
computational techniques [29,42]. Recent advancement in
computer hardware has enabled material scientists to perform
ab initio molecular dynamics on hundreds of atoms. The
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FIG. 1. The crystal structure of Li,X(X = O, S and Se) at am-
bient condition. The red sphere are X (X = O, S and Se) atoms and
green sphere represent Li.

calculations have been successfully applied to many
superionic conductors to predict and understand anisotropic
diffusion pathways and correlated ionic movements
[3,15,29,43,44]. Quasielastic neutron scattering studies
on diffusion in Li,S by Altorfer er al. [23] discuss two models
for Li hopping in the fast ion conduction phase, namely (i)
Li jumping between vacancy and a regular site; and (ii) Li
jumping between interstitial and regular sites.

Li-based compounds are of special interest due to their
applications in Li-based batteries. Simple fluorite/antifluorite
structured compounds mostly exhibit superionic transition. At
ambient conditions, Li,S and Li,O occur in the antifluorite
structure with space group O; (Fm3m) [45,46]. Sulfur and
oxygen ions are arranged in a fcc sublattice with lithium
ions occupying the tetrahedral sites. The compounds undergo
pressure-induced transformation from antifluorite to anticot-
tunite phase at high pressure of 13 GPa (Li,S) and 45 GPa
(Li,0), respectively [47,48]. Copious simulation studies have
been carried out on similar fluorites and antifluorites like
CaF,, UO,, Li;O, etc. We have previously carried out ex-
tensive studies on the superionic property of Li,O using
theoretical simulations to deduce the possible easy direction
for the diffusion of lithium [33]. Several glassy solutions of
Li,S and Li,O have been studied extensively in LiS — PS5
[49] and Li,O — B,O3 — SiO, with search for increased ionic
conduction in mind [50]. There are indirect Raman [51]
studies which indicate that Li,S shows fast ion conduction at
850 K. There are no reported data on measurement of diffu-
sion coefficient in the compounds. A thorough investigation
of temperature-dependent Li ion conductivity studies in Li,S
is clearly needed.

Here we focus our study to investigate the factors which
trigger superionic behavior in these Li-based antifluorite
structures. The compounds Li, X crystallize in the antifluorite
structure (space group 225, Fm — 3m). At ambient condition
(Fig. 1) the Li atoms occupy the 8¢ Wyckoff positions, while

X(0, S, and Se) atoms occupy the 4a sites. We have chosen
Li;O, Li,S, and Li,Se compounds. These are fast ion conduc-
tors exhibiting high ionic conductivity at high temperatures
well below the melting temperature. Due to large electronic
band gap they may find applications in battery material as
electrolyte. But, the thermodynamic and mechanical stability
of electrolyte is another factor to be taken care of. The
mechanical and thermodynamical stabilities are governed by
the phonons in crystalline materials. Here, in this work our
aim is to understand the role of lattice dynamics in diffusion
of Li ion and the stability of crystal in these fluorite structures.
Our main impetus in this work is to carry out a compre-
hensive study of vibrational properties of the compounds
along with high-temperature molecular-dynamics simulations
to understand the superionic conduction mechanism in Li, 0O,
Li,S, and Li,Se. Our experimental neutron scattering studies
reveal the behavior of Li sublattice of Li,O with increasing
temperatures. This would give us an idea of the possible
role of phonons in the high-temperature behavior of these
compounds. In this manner, we would be able to throw some
light on the mechanism of diffusion in Li,O, Li,S, and Li,Se.

II. EXPERIMENTAL

The polycrystalline samples of Li,O were purchased from
Sigma-Aldrich. The inelastic neutron scattering experiment
on LiO is carried out using the IN4C spectrometer at the
Institut Laue Langevin, France. The spectrometer is based
on the time-of-flight technique and is equipped with a large
detector bank covering a wide range of about 10° to 110°
of scattering angle. The inelastic neutron scattering measure-
ments were performed at several temperatures from 300 to
1273 K. About 2 cc of polycrystalline sample of Li,O has
been used for the measurements. For these measurements we
have used an incident neutron wavelength of 2.4 A (142 meV)
in neutron energy gain setup. In the incoherent one-phonon
approximation, the measured scattering function S(Q.E), as
observed in the neutron experiments, is related [52-54] to the
phonon density of states g"(E) as follows:

o AW (©) E
O =M G TEr @) O
4pb?
JE)=BY {Z—If}gk(E), )
k

@ 9

where the “+” or signs correspond to energy loss or
gain of the neutrons, respectively, and where n(E,T) =
[exp(E /kgT) — 1]7'. A and B are normalization constants and
by, mg, and g(E) are, respectively, the neutron scattering
length, mass, and partial density of states of the kth atom in the
unit cell. The quantity between () represents suitable average
over all O values at a given energy. 2W(Q) is the Debye-Waller
factor averaged over all the atoms. The weighting factors
47 b} /my for various atoms in the units of barns/amu are
0.1974 and 0.2645 for Li and O, respectively. The values of
neutron scattering lengths for various atoms can be found
from Ref. [55].
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III. COMPUTATIONAL DETAILS

The lattice- and molecular-dynamics simulations of Li X
(X =0, S, and Se) are performed in the cubic phase (space
group Fm — 3m) using ab initio density-functional theory
as implemented in the VASP software [56,57]. A supercell
of (2 x 2 x 2) dimension, which consists of 96 atoms,
has been used in the computations. In the lattice dynam-
ics calculations, the required force constants were computed
within the Hellmann-Feynman framework, on various atoms
in different configurations of a supercell with (*x, £y, £z)
atomic displacement patterns. An energy cutoff of 900 eV
was used for plane-wave expansion. The Monkhorst-Pack
method [58] is used for k-point generation with a 2 x 2 x
2 k-point mesh. The valence electrons of various atoms in
Li,X considered in total energy calculations are 1s?2s [1] for
Li atom (3 valence electrons in Li atom), while ns’np* for X
atoms (6 electrons in X atoms, n = 2, 3, and 4 for O, S, and
Se, respectively). The convergence breakdown criteria for the
total energy and ionic force loops were set to 1078 eV and

10~%eV Afl, respectively. We have used PHONOPY software
[59] to obtain the phonon frequencies in the entire Brillouin
zone, as a subsequent step to density-functional theory total-
energy calculations.

The thermal expansion behavior has been computed under
the quasiharmonic approximation [60]. Each phonon mode
of energy E,;(jth phonon mode at point ¢ in the Brillouin
zone) contributes to the thermal expansion coefficient, which
is given by the following relation:

1 .
()= g Y Cu(g, j, )Ty, 3)
q.J

where V is the unit-cell volume, I ;, is the mode Griineisen
parameter, C,(q, j, T) is the specific-heat contribution of the
phonons of energy E, ;. The mode Griineisen parameter of the
phonon of energy E, ; is given as

o —_ 8111Eq’j (4)
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The molecular-dynamics simulations are carried out in
NVT and NVE ensembles. Earlier calculations on pure Li,S
[61] were reported for a supercell size of (2 x 2 x 2) of cubic
unit cell, which contains 96 atoms. We have used the same
size of supercell in our calculations on Li,X. The simulations
were performed upto 40 ps, with a time step of 1 fs. The
temperature in the NVT simulations is attained through a Nosé
thermostat [62]. Initially, the structure was equilibrated for
10 ps to attain the required temperature in NVT simulations.
Then the production runs up to 40 ps; NVE simulations
are performed. Simulations are performed for a series of
temperatures from 300 to 1600 K. At each temperature, a
well-equilibrated configuration is observed during the 40-ps
simulation.

The vibrational density of states has been calculated [63]
using Fourier transform of velocity autocorrelation function.
The phonon density of states is calculated on 2 x 2 x 2
supercell of the cubic unit cell, which results in averaging of
the Brillouin zone on 32 ¢ points. The ab initio calculation
with larger supercell will be computationally expensive and

will give better averaging of the Brillouin zone. However,
we found that a 2 x 2 x 2 super cell is able to reproduce
the experimental spectrum fairly well. The simulation time
of about 40 ps would give energy resolution of ~0.1 meV
in the calculated density of sates, which is quite enough for
comparison among Li,X compounds.

IV. RESULTS AND DISCUSSION

A. Temperature-dependent measurement of phonon spectra

We have performed the inelastic neutron scattering mea-
surements of Li;O at several temperatures [Fig. 2(a)] from
300 to 1273 K covering the superionic transition at about
1200 K. The room-temperature measurements show well-
defined peak structure in the phonon density of states and
it disappears at above 973 K below the superionic transition
temperature. We have compared the measured phonon density
of states at 300 K with the lattice dynamics calculated phonon
spectrum [Fig. 2(b)]. The neutron-weighted phonon density of
states show peaks at about 30, 50, 65, and 90 meV. Partial con-
tributions from Li and O atoms to the total density of states are
also shown. We can see that both Li and O have almost equal
contribution in entire spectrum except at about 50-70-meV
regime, where Li has dominating contribution. The calculated
total neutron-weighted phonon density of states is in good
agreement with measurements [Fig. 2(b)]. As temperature is
increased to 773 K, the peak at about 50 meV in the phonon
density of states is found to shift toward lower energy with
respect to the spectrum at 300 K [Fig. 2(a)]. This could
well be understood by comparing the partial contribution of
lithium and oxygen with the measured phonon density
of states. At higher temperature the mean-squared amplitude
of Li vibration becomes very large, and their contribution
to the total density of states [g; (E )e‘Qz“z] becomes smaller
and contribution from oxygen will dominate. Further, at
higher temperature, the phonon spectrum of oxygen sublattice
softens due to large thermal expansion of Li;O. On further
increase of temperature to 973 K and above, the measured
spectra seem like a broad envelope; this could be due to large
mean-square displacement of Li and O as well as diffusion of
Li. The superionic temperature of Li,O is 1200 K (~927 °C)
[64]. The neutron scattering data indicate significant increase
in the anharmonicity of the phonons around 973 K. This
may happen at a temperature that is somewhat lower than the
superionic transition temperature.

At high temperature, where the anharmonicity of vibra-
tions becomes significant, we need to perform molecular-
dynamics simulation to evaluate the phonon spectrum. In
Fig. 3, we have shown the calculated phonon density of states
from molecular-dynamics simulations at 300 and 1200 K and
compared it with the measurements. The room-temperature
calculated phonon density of states reproduces the peak fea-
tures close to the measurements, whereas at 1200 K the
spectrum gets significantly broadened. The fair agreement
between the calculation and measurements validates the ro-
bustness of the method and can be utilized for further mi-
croscopic analysis. The phonon density of states calculations
performed using both lattice dynamics [Fig. 2(b)] and
molecular-dynamics simulations (Fig. 3) show a fair agree-
ment and indicate a fair degree of convergence.
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FIG. 2. (a) Measured temperature dependence of inelastic neutron scattering spectra of Li,O.For clarity the experimental data at various
temperatures are shifted vertically.(b) The calculated neutron-cross-section weighted phonon density of states using lattice dynamics and

compared with the measurement at T = 300 K.

B. Thermodynamics behavior of Li,X (X = O, S, and Se)
from lattice dynamics

There has been several studies on fluorite structures as
well as other superionic conductors [19,65-70] to address
the importance of phonon softening at superionic transition.
These studies include the calculations performed by ab initio
molecular-dynamics approach to overcome the limitation of
quasiharmonic approximation of lattice dynamics. In Fig. 4,
we have computed the phonon-dispersion relation of Li,X
(X =0, S, and Se) along various high-symmetry directions
and compared with the available measurements in Li,O and
Li,S [71,72]. The phonon-dispersion relation in Li;O shows
that along the (001) direction one of the optic branches shows
large dispersion and at the zone-boundary point the energy
of this optic phonon branch is lowest (24 meV). Interestingly
the eigenvector of this phonon mode shows displacement
of lithium atoms while oxygen’s remains at rest, which is
linked to phonon instability in Li, O at high temperatures [33].
However in Li,S and Li,Se, the same optic branch shows less
dispersion behavior and also the phonon mode energy at the

—O— Expt., 300 K
—O— Expt., 1273 K

Calc., 300 K
Calc., 1200 K
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g"(E)(meV™)
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FIG. 3. The calculated and experimental neutron weighted
phonon density of states at 300 and 1200 K. The phonon spectra have
been calculated using ab-initio molecular dynamics simulations.
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FIG. 4. The calculated dispersion relation of Li,X(X = O, S
and Se) along various high symmetry direction in Brillouin
zone and compared with the available measurements. The solid
lines and open circles correspond to the calculations and experimen-

tal data [71,72].
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FIG. 5. Cell parameter dependence of zone boundary phonon
mode at (001) in Li,X (X = O, S and Se).

zone boundary is higher (30 meV) than that in Li; O (24 meV).
This change may be due to softer host structure of Se and S
as compared with O host structure as well as the difference
in interaction strength of Li with host lattice. It seems that as
we increase the size of the cation X (X = O, S, and Se) the
dispersion of the optic branch becomes less dispersive.

In our previous work, we have shown [33] that with change
in volume the optic mode at zone boundary becomes unstable
when the volume increases to the value close to superionic
transition temperature, indicating that volume-driven instabil-
ity of the phonon mode may initiate the lithium diffusion in
Li,;O at higher temperature. We have calculated the volume
dependence of zone-boundary phonon mode at (001) in other
two compounds (Fig. 5). We can see that the percentage
lattice parameter “a” change required for phonon instability
in Li,O is about 6.6%; however, in Li,S and Li,Se this is as
large as 12.5 and 12.9%, respectively, which is not possible.
Such expansion of the lattice would result in melting of the
compound. As mentioned above, it seems that in case of

LiO the lowest optical branch shows the large dispersion
and the zone-boundary mode of this branch destabilizes at
higher temperature, while in the other two compounds the
same branch does not show significant dispersion and even
at high temperature the zone-boundary mode of the same may
not destabilize. Further, due to lower Li band center and soft
host structure, a significant number of lithium are vibrating
with higher amplitude and may lead to diffusion in Li,S and
Li,Se at high temperature.

Recent work by Cazorla er al. [69] showed that the in-
stability predicted by lattice dynamics at unit-cell volume at
superionic regime stabilizes due to strong temperature-driven
anharmonicity and phonon-phonon coupling. The anhamonic-
ity due to higher temperature and lattice defects plays an
important role in stabilizing the superionic phase which can be
treated appropriately using molecular dynamics, while lattice
dynamics formalism does not account for these effects. The
correlation between the center of phonon energy distribution,
i.e., band center and potential of ionic diffusion is discussed
in great detail by Muy et al. [8]. The authors showed a
correlation between Li band center and barrier energy for
Li migration from lattice dynamics and nudged elastic band
(NEB) calculations. However, later Sagotra et al. [73] have
shown that Li activation energies as estimated from lattice dy-
namics and NEB methods underestimate the actual activation
energy due to the neglect of temperature effects, and harmonic
approaches.

In Fig. 6, we have shown the calculated partial and total
density of states of Li,X (X = O, S, and Se) compounds.
The Li and O partial density of states in Li;O extend in the
entire spectrum range up to 100 meV. However, in Li,S the
spectral range extends up to 50 meV only. The lower part of
the spectrum up to 30 meV is dominated by S, while higher-
energy spectrum above 30 meV has contributions mainly from
Li. In Li,Se, the contributions due to Li and Se are well
separated. The contributions due to Se and Li are below and
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FIG. 6. The lattice dynamics calculated total density of states and partial density of states of Li and X in Li,X (X = O, S, Se) compounds.
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FIG. 7. The calculated volume thermal expansion coefficient of
Li,X(X = O,S and Se) compounds.

above 20 meV, respectively. The band center of the peaks of
Li phonon density of states in various compounds are at 57,
42, and 38 meV in Li,0, Li,S, and Li,Se, respectively, and
for O, S, and Se the vibrations are centered at about 45, 21,
and 12 meV, respectively.

It can be seen that the Li band center moves towards lower-
energy regime as we go from Li,O to Li,Se, which indicates
decrease in bonding strength of Li atom with host, which is
good for better ionic conductivity, while the shift of the band
center of anion (X = O, S, and Se) indicates the poor stability
of host structure, i.e. the mechanical stability of O sublattice
is good while that of Se sublattice is least among the three
compounds. This suggests that from the stability point of view
Li,O is best among the three; however, from the diffusion
point of view Li,Se is better than other two. So there is a trade-
off between host stability and ionic conduction. This suggests
that for a better electrolyte/electrode one can play with stoi-
chiometry of O, S, and Se to optimize the property in a mix-
ture of all these compounds. By doing this, one may achieve
the low-energy Li spectrum and moderate host stability.

The fluorite structure compounds are also known for their
high thermal expansion coefficient. The volume thermal ex-
pansion coefficient of Li,X compounds has been computed
under quasiharmonic approximation (Fig. 7). The calculated
coefficient of volume thermal expansion at 400 K is ~80 x
10~ K~ in all three compounds. However, at lower tempera-
ture the Li,Se shows the largest thermal expansion among all
Li,X (X = 0O, S, and Se). The lower band center of host ele-
ment X(O, S, and Se) in Li,Se and Li,S in comparison to Li,O
facilitated the host structure to expand at much lower tem-
perature. The comparison between the experimental [74,75]
and calculated thermal expansion behavior of Li,O and Li,S
is shown in Fig. 8. The deviation between experiments and
calculations increases above 600 K, which indicates that at
high temperature explicit anharmonic effects [60] due to large
thermal amplitude of atoms are important. The quasiharmonic
calculations of thermal expansion only consider the change in
phonon energies with volume.

C. Estimate of barrier energy for lithium migration

In order to get an estimate of barrier energy for lithium
migration from one tetrahedral site to another tetrahedral
site we have performed the energy-barrier calculations along
various high-symmetry directions using NEB methods. These

1.04

O Li,0, Expt.
® LiS, Expt. ° .
LiZO, Calc.
£1021 |iscae  °
< Li,Se, Calc.
m o
1.00-
0 500 1000
T(K)

FIG. 8. The calculated and experimental [74,75] fractional
change in lattice parameter with temperature of Li,X (X = O,S and
Se).

calculations are performed for Li movements along the [100],
[110], and [111] directions. A number of structural images
are generated along the initial path of diffusion which is
then optimized to obtain the actual diffusion pathways and
activation energy barrier. The calculated activation energy
barrier and final optimized pathways are shown in Fig. 9.
It can be seen that the diffusion pathway along the [100]
direction in all Li,X compounds is nearly straight. We found

PATH-I s —@-LO
,/ \ -@-LiS
0.84 /\\ LiQSe
S
2
Y 0.4 / \\
% = 5 o
Image Number
3.2
PATH-II -@-Li0
o4 -@-LiS
- . Li,Se
S 16 N\
i
<
0.8
0.0
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Image Number
75
PATH-III /\ *LiZO
5.0 / . ®-Lis
< 7 X\ Li,Sel
2 55] / / \\
e
O.Du/‘// \\'\
Se— e
-25

5
Image Number

FIG. 9. The calculated activation energy barrier for Li diffusion
along various directions in the unit cell of Li,X(X = O, S, Se).
PATH-I (along [100]), PATH-II (along [110]), and PATH-III (along
[111])corresponds to correlated movement of 2, 2 and 4 Li atoms,
respectively. PATH-III calculation are done ina 2 x 2 x 2 supercell.
At ambient conditions lithium atoms occupy only tetrahedral sites
(green spheres) in the crystal. The X (= O, S, Se) atoms are shown
by red spheres.
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FIG. 10. The calculated phonon spectrum of Li and X in Li, X (X =

and above superionic transition temperature (T = 1200 K).

that activation energy is least for Li,O compound along [100].
This implies that mechanism for Li diffusion along [100] is
more probable in Li,O in comparison to that for Li,S and
Lizse.

The second path for Li diffusion along the [110] direction
shows (Fig. 9) curved diffusion pathway. The activation en-
ergy barriers for Li diffusion along this direction show higher
barrier for Li,O than that for Li,S and Li;Se. This may arise
from the more open channel along [110] in Li,Se and Li, S for
Li diffusion than that in Li,O due to larger size of Se and S
than O. The diffusion of Li along [111] seems (Fig. 9) to be
prohibited for LiO due to a large barrier energy. However,
in case of Li,S and Li,Se, there is a significant attractive
potential in a smaller vicinity towards the (111) direction
and thereafter it shows a large barrier. Such potentials might
lead to a possibility of complex diffusion pathways. Hence
to examine other possibilities of Li migration, we have per-
formed the analysis of Li trajectory obtained from molecular-
dynamics simulation (Sec. IV D).

Our molecular-dynamics simulations show very different
and interesting pathways for diffusion in these compounds.
The interesting thing to note in these calculations (Fig. 9)
is the dip along [111] directions at (Y4 Y4 %) position of Li
for Li,S and Li,Se. This may be arising from the possibility
of available jump sites at these intervening positions. The
possibility of these intervening jumps increases as we go from
Li;O to Li,Se. Recent work by Sagora et al. [73] has also
found significant difference in barrier-energy estimation from
NEB and molecular-dynamics simulations.

O,S and Se) compounds using molecular dynamics simulation at 300 K

D. Thermodynamics properties of Li,X (X = O, S, and Se)
from molecular dynamics

The above discussion is based on the lattice dynamics
calculations which are performed at 0 K and the thermo-
dynamic behaviour is obtained under the quasiharmonic ap-
proximation. The lattice dynamics provide us the estimate
of the phonon properties (density of states, elastic properties
etc) of materials and help us to understand the difference in
material properties at 0 K. However, at higher temperature
when system is close to some instability or transition (like
superionic transition in this case), the effect of anharmonicity
significantly dominates and cannot be accurately represented
by quasiharmonic effects. Hence in order to account the
anharmonic effect and understand the Li diffusion and its con-
sequences on inelastic neutron scattering spectrum we have
carried out the ab-intio molecular dynamics simulation. The
calculations are performed at various temperatures ranging
from room temperature to across the superionic transition
temperature of Li,X compounds.

We have first looked at the effect of temperature on the
vibrational spectrum i.e. phonon density of states of various
elements in Li, X (Fig. 10). We found that at room temperature
the spectrum of Li and X(O,S and Se) shows sharp peak fea-
tures. However, at 1200 K(above the superionic temperature)
the Li spectrum becomes very broad and at zero energy there
is finite density of states, which is a signature of diffusion.
The magnitude of this shift is maximum in Li,Se, which is
again consistent with our lattice dynamics result that Li ion
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FIG. 11. The calculated pair correlation function between various pairs of atom in Li,X (X = O,S and Se) at T = 300 (solid line) and

T = 1200 K (dashed line).

diffusion is much easier in Li,Se in comparison to the other
two compounds. Further, we could see that the density of
states of host element, i.e. X(X = O,S and Se) also broaden
with temperature but lesser in magnitude than that of Li.
The peak like structure in the spectra still persists above the
superionic transition temperature, indicating that the atoms
remain intact with the lattice most of the time.

Further, diffusion of Li occurs in the lattice at high tem-
perature. Its local environment keeps changing with time,
and this will give rise to broadening in the pair distribution
function(PDF) of Li-X(X = O,S and Se) and Li-Li averaged
over space and time. We have calculated (Fig. 11) the pair dis-
tribution function for various pair of atoms in Li, X (X = O,S
and Se). We could see that at room temperature, the PDF of all
pairs of atoms show sharp peaks at finite positions. This is due
to the fact that at room temperature the local environments of
all the atoms are almost invariant with time. We find that the
PDF of Li-Li and Li-X pairs at higher temperature of 1200 K
clearly show only first two peaks(i.e. up to second neighbor
distance) and the peaks at higher inter-atomic distance get
broadened. The PDF between X-X (X = O, S and Se) atoms
shows peak like structure up to a few neighbors. Hence the
Li sub-lattice in Li X melts at superionic temperature, while
the host element X(X = O, S and Se) remain intact with
the lattice. Similarly at higher temperature the bond angle
in the LiyX polyhedral unit changes with time and it leads
to broadening in the angle distribution (Fig. 12).

E. Diffusion in Li, X (X = O, S and Se)
from Molecular Dynamics

In order to design a material with large diffusion coeffi-
cient, e.g., electrolyte in battery, one needs to know various
channels for diffusion, easy directions of diffusion, activa-
tion energy barriers and stability of host structure etc. The
mean square displacement is a very important quantity in
this regard as it contains most of the information. Hence in
order to understand and explain the difference in Li diffusion
between various Li,X (X = O,S and Se) compounds, we have
computed the mean square displacement of various atoms as
a function of time at different temperatures (Fig. 13). The
mean square displacements are averaged over all the atoms
of each type. At room temperature the magnitude of mean
square displacement of various atoms in Li;X (X = O,S and
Se) is independent with time. Since, the diffusion coefficient
is proportional to the time derivative of mean square displace-
ment (MSD), at room temperature the derivative of MSD with
time for different element in Li, X is zero. Hence there is no
diffusion at room temperature. As we go to high temperature
close to the superionic regime, the mean square displacement
of Li atoms in all three compounds starts increasing with time.
The calculation of MSD at larger lag time would have poor
statistics due to insufficient averaging.

At superionic regime, the host structure is stable and
provides discrete sites for Li occupancy, and Li can diffuse
through these sites via jump from one site to another; hence

12] L|ZS
2 2 Li-S-Li
5 5
2 2
S ©
B >
= = 4]
0 .
80 100

12 Li,Se
T S0K B ] Lised —— 300K
1200 K S — 1200 K

o 8
8

=

= 4/

. 0 T T
120 140 80 100 120 140
8() 6(")

FIG. 12. The calculated angle distribution between Li-X-Li junction in Li,X (X = O,S and Se) at T = 300 and T = 1200 K averaged over

40 picosecond simulation time and all the atoms in supercell.
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FIG. 13. The calculated mean square displacement of Li and X atom in Li,X (X = O,S and Se).The black and red solid lines corresponds

to Li and X atoms.

the mean square displacement of individual atoms as shown
in Fig. 14, shows the step like behaviour. The different jump
length is related with different diffusion pathways and their
frequency. The number of such jumps will be related to
the energy barrier for such diffusion pathways. In all the
three compounds we observed that the least jump length

is ~4—6 AZ, which corresponds to Li migration from one
tetrahedral site to another tetrahedral site (Fig. 14) directly i.e.
along (100) as well as through octahedral site i.e. along (111)
direction. The number of such jumps in all the three com-
pounds is very large. This means that diffusion in all three
compounds have significant contribution through Li jump

along (100) and (111) directions. We have not found any
interstitial position for Li occupancy. Hence in the crystalline
phase the Li atoms diffuse only via tetrahedral jumps.

In Fig. 15, we have shown the Li trajectory of a few
representative Li- ions in Li, X (X = O,S and Se) compounds.
This is useful to understand the minimum energy pathways
of Li diffusion in these compounds. Our previous analysis
(Figs. 13 and 14) based on time dependence of mean squared
displacement showed that only the Li- ions are diffusing
while the X(O,S and Se) atoms form a rigid structure even
at superionic temperature. Hence for easy visualization and
explanation, we have shown (Fig. 15) only Li positions.

800
Liin LiZO 400 Liin LiZS Liin LiZSe P,
1004 1200 K 1200 K 600 '
o~ 300+
<
E: 1 400
= ;
cpil § 200
A “ 100 =
0 - 7, ' j e, r 0 14 o S
0 10 20 30 40 0 0
t(ps)

FIG. 14. The calculated displacement of Li atoms in Li,X (X = O,S and Se) at T = 1200 K.
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LiZSe

FIG. 15. The calculated trajectories of selected Li atoms at
1200 K in LiX (X = O,S and Se) in the a-b plane. Left and Right
panel shows the trajectories of two different lithium atoms. At am-
bient conditions lithium atoms occupy only tetrahedral sites (green
spheres) in the crystal. However at higher temperature lithium may
also jump from one tetrahedral to another tetrahedral site through the
octahedral interstitial sites (yellow spheres). X atoms are not shown.
The time dependent positions of Li atoms are shown by colored dots.
The calculated trajectories are shown on a2 x 2 x 2 supercell.

At ambient temperature lithium atoms occupy only tetra-
hedral sites (green spheres in Fig. 15) in the crystal. How-
ever at higher temperature lithium may also jump from one
tetrahedral to another tetrahedral site through the octahedral
sites (yellow spheres in Fig. 15).The time dependent positions
of Li atoms are shown by colored dots in Fig. 15. In case of
Li,O, Li atoms are hoping from one tetrahedral site to another
tetrahedral site (green sphere to another green sphere) along
(100) or its equivalent directions, i.e. they do not involve any
intermediate octahedral position to hop from one tetrahedral
site to another site. This is what we have inferred from our
lattice dynamics analysis and nudged elastic band energy
calculation that the easiest direction for Li migration would
be along (100) direction.

Interestingly the story is very different for Li,S and Li,Se.
Here Li hops (Fig. 15) from one tetrahedral site to another
tetrahedral site via octahedral sites as well as via direct jump
along (100). But numbers of intermediate octahedral transient
states are significant in these two compounds. Further, it is
also to be noted that when one Li- hops from one tetrahedral
site to another tetrahedral site, the Li at another site simul-
taneously jumps to another octahedral or tetrahedral site. So
there is a cooperative hoping dynamics for Li,S and Li,Se.
Even in case of Li,O there is cooperative hoping but it seems
that even for cooperative dynamics (100) is most favorable
pathway. The Li atoms are located at (0.25 0.25 0.25) and
equivalent tetrahedral sites and form LiX, tetrahedra. The Li
atoms jump from one tetrahedral site to another tetrahedral
site in the present study without spending any significant time
at any intermediate stage. In some of the jumps, Li atoms
pass through an octahedral site (e.g. 0.5 0.5 0.5). This is also
inferred from the trajectory plot shown in Fig. 15. In case of
Li,C,, the Li atoms spend significant time at the octahedral
interstitial sites [76], The difference in structure of the two
compounds could lead to difference in residence time at the
interstitial sites.

The barrier energy which is obtained from nudged elastic
band method (Fig. 9) does not give the correct picture of
barrier or activation energy for diffusion since NEB diffusion
along (111) is prohibited due to large barrier for Li ion migra-
tion. Hence in order to correctly predict the diffusion barrier
energy one may also need to see the correlated dynamics.
Molecular dynamics simulation includes correlated as well
as uncorrelated jumps, hence it truly represents the diffusion
behaviour.

The isotropic diffusion coefficient is estimated using Ein-
stein law of diffusion i.e. from the time dependence of mean
square displacement as given below:

D = (u*) /6T ®)

Where, (u?) is the change in the mean square displacement in
time 7.

The mean square displacement (MSD) at time 7 is calcu-
lated using the following equation [63,73]

Nion Nslep _Nr

2y (- T)— )
”(’)_Nim(zvmp—zvr)g ; Irit; + ©) = ri@))|

(6)

Here r;(t;) is the position of i" atom at j™ time step. Nyep
is total number of simulation steps and Ny, is total number
of atoms of a particular type in the simulation cell. Nt =
T/8t, where St is the size of the time step used in the MD
simulations.

As noted above, the calculation of MSD at larger lag
time would have poor statistics due to insufficient averaging.
However, we have used only the linear region in the MSD
plots (Fig. 13) to estimate the diffusion coefficients, which
gives a fair estimate. The calculated diffusion coefficient as
a function of temperature is shown in Fig. 16. One could see
that in Li, O, the diffusion coefficient increases above 1200 K.
However, in Li,S and Li,Se the diffusion starts at above
1000 K and 900 K respectively. Further in order to correctly
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FIG. 16. The calculated diffusion coefficients and activation energy barriersin Li,X (X = O,S and Se).

estimate the barrier energy from correlated as well uncorre-
lated dynamics for lithium diffusion in these compounds, we
have fitted the temperature dependence of diffusion coeffi-
cients with Arhenius relation i.e.

D(T) = Doexp(—E./K5T) @)

Here Dy is the constant factor, Kz is the Boltzmann constant
and T is temperature. One can linearize this equation by taking
log of it, i.e.,

In(D(T)) = In(Do) — E./KgT ®)

The conductivity measurement on Li,S showed two dif-
ferent energy barriers of 0.70 eV and 1.52 eV in tem-
perature range below and above 750 K respectively [23],
while in Li,O the values are 1.0 eV and 2.5¢V in
the temperature range below and above 1200 K respec-
tively [77]. The values of the pre-exponential diffusion
factor, Dy for various compounds are Dy(Li;O) = 9.3 x
107°m?s™!, Dy(Li,S) =5.6 x 10°°m?s~!, Dy(Li,Se) =
3.94 x 1079m?s~!. The high temperature value in the exper-
imental analysis might be due to formations of defects and
vacancy at high temperature in the superionic regime. There is
no data available for Li,Se. In Fig 16, we have fitted equation
(7) and obtained the value of barrier energy for Li diffusion
in all three compounds. The values are 0.98 eV, 0.79 eV and
0.87 eV for Li, O, Li,S and Li,Se respectively. In recent study
[78], the authors found a correlation between Li band centre

and barrier energy for Li migration on various ionic conduc-
tors based on NEB methods, they found that downshifting
of lithium phonon band center lowers the migration barrier.
However, in the present case Li,Se has band centre of Li
at lowest energy among three compounds but does not have
the least barrier energy as estimated from molecular dynam-
ics simulation. Our work shows that temperature dependent
anharmonicity inherently incorporated in molecular dynamics
simulation is important to estimate the barrier energy.

V. CONCLUSIONS

In this article we have reported extensive ab-initio lattice
and molecular dynamics simulations aspect to investigate and
understand the mechanism of Li diffusion in Li, X anti-fluorite
structures. The uncorrelated or single Li hopping from one
tetrahedral to another tetrahedral site favors the (100) path,
while (111) direction is least possible. However, correlated
diffusion of Li is equally possible along (100) and (111)
directions. Hence, for better understanding of pathways, the
analysis of single ion dynamics through NEB method is
not sufficient. However, one can include various correlated
possibilities in the NEB method or use molecular dynamics
simulation to evaluate the true barrier energy. The calculated
barrier energy of Li,S is the least among the three compounds;
however, from the host stability point of view, Li,O is a better
candidate. By appropriate stoichiometry, one can trade off
between these properties.
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