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Phonon instability and mechanism of superionic conduction in Li,O
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We report studies on the vibrational and elastic behavior of lithium oxide, Li,O, around its superionic transition
temperature. Phonon frequencies calculated using the local density approximation and generalized gradient
approximation schemes of ab initio density functional theory are in excellent agreement with the reported
experimental data. Further, volume dependence of phonon dispersion relation was calculated, which indicated
softening of zone boundary transverse acoustic phonon mode along [110] at the volume corresponding to the
superionic transition in Li,O. This instability of phonon mode could be a precursor leading to the dynamic disorder
of the lithium sublattice. Empirical potential model calculations were carried out to deduce the probable direction
of vacancy-assisted lithium movement by constructing a supercell consisting of 12 000 atoms. The energy profile
for lithium ion movement was computed at volumes corresponding to ambient and superionic regimes. The
energy considerations along various symmetry directions indicated that [001] was the most favorable direction
for lithium movement in the fast ion phase. This result corroborated our observation of dynamic instability in
the transverse phonon mode along the (110) wave vector. Using molecular dynamics simulations, we studied
the temperature variation of elastic constants, which showed a large decrease in Cy;, consistent with known

experimental observation.
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I. INTRODUCTION

Lithium oxide belongs to the class of superionics, which
exhibit high ionic conductivity above 1200 K. In this case, the
Li ion is the diffusing species, while oxygen ions constitute
the rigid framework. Technologically, there are several appli-
cations for Li,O, ranging from possibilities'= as lightweight
high-power density lithium ion batteries for heart pacemakers,
mobile phones, laptop computers, etc., to high-capacity energy
storage devices for next-generation clean electric vehicles, and
possibly as hydrogen storage material along with LisN. It is
also a leading contender for future fusion reactors to convert
energetic neutrons to usable heat and to breed tritium necessary
to sustain D-T reaction.* This application is attributed to its
high melting point, relatively low volatility, and high Li atom
density. At ambient conditions, Li,O occurs in the antifluorite
structure with space group 03, (Fm3m).>® Oxygen ions are
arranged in an fcc sublattice with lithium ions occupying the
tetrahedral sites. Typically, in superionic conductors, the ionic
conductivity? is greater than 0.01 (Ohm-cm)~!.

The novel high-temperature properties of lithium oxide
and similar compounds have warranted various experimen-
tal and theoretical studies extensively.”? Many theoretical
techniques exist for the study of solid state, ranging from
classical simulations to ab initio methods. Fast ion conduc-
tion makes Li,O an ideal link between the solid and the
liquid state. The main purpose of these studies has been to
understand the process of fast ion conduction and the role
of defects in conductivity. Earlier studies have been done to
understand the migration®®? paths of Li ion and mechanism
of diffusion. Defects and ionic diffusion in Li,O surfaces’® and
Li,0:B,03 nanocomposites!*? have been studied using both
first-principles methods and empirical molecular dynamics
(MD) simulations. Li diffusion behavior has been studied
in Li-containing oxides under fusion*** reactor conditions
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using classical MD simulations. Such studies stem from further
interest in tritium generation for future fusion reactors. There
have also been studies on the high-pressure behavior,?26-3
change in band structure of the oxide before and after CO,
absorption,” and its effect on bulk properties. Elastic behavior
of the oxide with increasing pressure** has also been reported.

Understanding the microscopic changes at transition tem-
perature is useful to predict new features at extreme thermo-
dynamic conditions. Fluorites like CaF,, BaF,, SrCl,, PbF,,
etc., show type II superionic transition. They attain high levels
of ionic conductivity following a gradual and continuous
disordering process within the same phase. Defect disorder
(Frenkel) in the anionic sublattice is considered to be a general
cause of the diffusion seen in these compounds. This is
characterized by a large decrease in the elastic constant’>3?
Cy; and a specific heat anomaly (a Schottky hump) at the
transition temperature 7. Accordingly, Li;O shows a sudden
decrease in the value of the Cy; elastic constant at the transition
temperature 7. ~ 1200 K (the melting point of Li, O is 1705 K),
although there does not seem to be any drastic change in
the specific heat. The diffusion coefficient of lithium at this
transition becomes comparable to that of liquids.>¢-’

Our earlier work>® looked at the probable interstitial
regions where lithium might reside while diffusing in such
a way that the local structure remains largely unperturbed.
Extending our earlier work with this oxide using LD and
MD, we then tried to determine the probable directions of
the diffusion of the lithium ions and the role of phonon and
elastic instabilities. At the outset, we performed ab initio
phonon calculations and carried out a comparative analysis
with potential model calculations. Next, we tried to look at
the behavior of phonon modes along symmetry directions at
volumes corresponding to the superionic regime using both
ab initio and potential model calculations. The decrease in the
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elastic constants with increasing temperature was studied using
potential model calculations. Superionic fluorites were found
to exhibit rapid decrease in elastic constants, particularly Cj,
and a specific heat anomaly around the transition temperature,
but Li,O did not exhibit any specific heat anomaly as
observed experimentally, which is in agreement with our
earlier computations. Finally, we tried to figure out the easy
direction of movement of the Li ion, which is crucial in
understanding the diffusion mechanism in a given system. In
our earlier studies, we had inferred that Li moves from one
tetrahedral site to another. In this paper, we tried to deduce
the most probable direction of movement by studying the
energy profile for Li movement along various high-symmetry
directions. This does not rule out lithium’s diffusion in other
directions, but simply indicates one of the easy directions of
diffusion. The study of the high-temperature behavior and
their implications could play a pivotal role in understanding
and improving the myriad technological applications of this
immensely useful oxide.

II. COMPUTATIONAL DETAILS

The lattice dynamics (LD) calculations were performed
using both empirical potential as well as ab initio methods.
Empirical potential used was the same as in our earlier work.>
Density functional theory (DFT) has been shown to describe
the structural and lattice dynamic properties of material using
pseudopotentials and plane-wave basis sets. In the framework
of density functional perturbation theory (DFPT),?® it is possi-
ble to calculate phonon frequencies, dielectric constants, and
other properties. We used the Quantum ESPRESSO®’ package
for the ab initio phonon calculations. Pseudopotentials gen-
erated by using the Perdew—Burke—Ernzerhof exchange cor-
relation functional under generalized gradient approximation
(PBE-GGA)* and the Perdew—Zunger correlation functional
under local density approximation (PZ-LDA)*' were used. We
chose a 12 x 12 x 12 K mesh for self-consistent field
calculations with energy cutoffs of 280 and 120 Rydberg
for GGA and LDA, respectively, which were found to be
sufficient for convergence on the order of millielectron volts.
The K-point mesh was generated using the Monkhorst—Pack
method.*” Dynamical matrices were calculatedona 5 x 5 x
5 mesh with 10 g points in irreducible Brillouin zone. The force
constants in real space were calculated using these dynamical
matrices in the Fourier interpolation scheme,**** and were
further used for the calculation of phonon frequencies in the
entire Brillouin zone.

By minimizing the total energy with respect to lattice
parameter, we obtained the equilibrium lattice constant. The
equilibrium lattice constants came out to be 4.57 and 4.45 A
for GGA and LDA approximations, respectively, at 0 K and
ambient pressure, while the experimental lattice parameter™”
was 4.60 A at 300 K. The LDA exchange correlation functional
underestimated the lattice constant by 2-3%. The difference
between the calculated and experimental values was ~3%,
which is acceptable under LDA. The phonon calculation was
done under the constraint of the crystal acoustic sum rule. The
slopes of the acoustic branches along (100) and (110) were
used for the calculation of elastic constants and bulk modulus.
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In our earlier MD? simulations, we found that a supercell
consisting of 768 atoms was sufficient to obtain reliable values
of diffusion coefficient. In this paper, the temperature variation
of the elastic properties (in the NPT ensemble) was calculated
using the MD technique. The interatomic potential was the
same as used in our earlier work.” We calculated acoustic
phonon wave velocities from the simulation of the dynamic
structure factors for long wavelength acoustic phonons in
several propagation directions. These calculations were carried
outusing a supercell (8a x 8b x 8c)consisting of 6144 atoms
with periodic boundary conditions. Such a large supercell
allowed for the precise calculation of low-energy acoustic
phonons of large wavelengths. The structure factor is related
to the time correlation function F'(Q,t) of the density operator,
which is given as

+00
S(0,w) = / ¢ F(Q,)dt,

o0

where, |
F(Q.0) = —(pg(1p_5(0)).

The density operator is given as
N
po(t) = Z el Qi)
i=1
where r;(¢) is the instantaneous position of the ith atom at
time 7.

For calculation of the energy profile for lithium movement,
we created a supercell of 10 x 10 x 10 and created two
lithium and one oxygen vacancies at random sites (Schottky
defect). We moved an Li ion nearest to the Li vacant site and
monitored the total energy without relaxing the structure. For
this calculation, we used the empirical potential model.

III. RESULTS AND DISCUSSION

A. Phonon dispersion relation

ADb initio phonon calculations were carried out with both the
LDA and GGA schemes. However, qualitatively, we did not
get any substantial improvement using GGA. The computed
values of Born effective charges for Li and O were 0.9 and
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FIG. 1. (Color online) Phonon dispersion from first principles
density functional theory under generalized gradient approximation
(GGA-DFT). The solid and dashed lines correspond to calculations
performed at a = 4.57A and a = 4.88 A, respectively. The open
symbols correspond to reported experimental®? data. The lowest
acoustic branch along (001) and (110) both become imaginary around
the fast ion transition region.
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FIG. 2. (Color online) Phonon dispersion using interatomic
potential in the quasiharmonic approximation. The calculations
were carried out corresponding to lattice parameters at 4.60 and
4.90 A. These values of lattice parameters were obtained from MD
simulations. Phonon energies shown below E = 0 have imaginary
values indicating unstable modes.

— 1.8, respectively, while the dielectric constant was 2.90.
These are in agreement with previously reported*4® values.
Here we showed (Fig. 1) calculated phonon dispersion relation
at relaxed lattice parameter a = 4.57A (at 0 K) in the
GGA scheme. The phonon dispersion relation was plotted
after including the longitudinal optic-transverse optic (LO-TO)
splitting of the modes. The results are in good agreement
with the potential model phonon dispersion calculations and
reported experimental data. The compound exhibits superionic
transition in the vicinity of 1200 K. Hence, we performed
phonon calculations at various unit cell parameters corre-
sponding to the superionic regime. The phonon dispersion
using the potential model at lattice parameters corresponding
to ambient (¢ = 4.60 A) and superionic (a = 4.90 A) regimes
are shown in Fig. 2. The results obtained from the potential
model are fully consistent with ab initio results and, therefore,
the empirical potentials can be treated as first-principles-
derived potentials. As expected, the phonon frequencies along
all three directions were found to soften with increase of
volume. The softening was found to be small for all the modes
except for the lowest transverse acoustic (TA) branch along
[110] at the zone boundary.

— ‘_:\w,"
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FIG. 3. (Color online) Motion of individual atoms for the zone
boundary TA mode along the [110] direction at lattice parameter
corresponding to a = 4.88 A. The lengths of arrows are related to
the displacements of the atoms. The absence of an arrow on an atom
indicates that the atom is at rest; b axis is perpendicular to the plane.
Key: O = red (dark gray) spheres, Li = blue (medium gray) spheres.

PHYSICAL REVIEW B 85, 184304 (2012)

40
— GGA
304 ---- LDA
rrrrr Potential
< 20
(0]
£
w 104
N
\
\
0 Y
-10 : : . T
0.0 0.1 0.2 0.3 0.4 0.5

Aa (A)

FIG. 4. (Color online) Softening of zone boundary TA phonon
along [110]. Aa corresponds to the difference in lattice parameter
from equilibrium. The equilibrium value of lattice parameter a in
GGA, LDA, and potential model calculations are 4.57, 4.45, and
4.60 A, respectively.

The eigenvector of the TA mode was plotted (Fig. 3)
corresponding to the unit cell parameter of a = 4.88 A. We
found that lithium atoms in the alternate layers moved opposite
to each other along [001] while oxygen atoms were at rest.
The easy direction for lithium movement was along [001]
(as discussed below). Hence, increasing the temperature could
lead to migration of lithium ions from one site to another vacant
site along the [001] direction, which can easily be visualized
from Fig. 3. Figure 4 gives the change in the transverse acoustic
frequency with increasing lattice parameter, as calculated from
LDA and GGA schemes of ab initio DFT and potential
model calculations. The lowest TA mode along [110] at
the zone boundary was found to soften sharply at volume in
the superionic regime. At the superionic transition, some of the
lithium ions might just have had sufficient energy to move from
their ideal positions and start diffusing. It is possible that the
softening of these modes might be the precursor to the process
of diffusion. Fracchia et al.'* have also reported softening of
the zone boundary mode along [001] in Li,O.
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FIG. 5. (Color online) Softening of elastic constants with increas-
ing temperature compared with reported experimental®? results. The
open, half-filled symbols correspond to the calculated values using
MD and LD formalism, while solid symbols denote the reported
experimental results.
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TABLE 1. Comparison of elastic and structural data obtained using an ab intio approach with available experimental results (Refs. 31

and 32) and empirical potential model calculations (Ref. 2).

Parameters Experiment Ab initio (LDA/GGA) Potential model (Ref. 2)
Lattice constant (A) 4.606 4.45/4.57 4.61
C;, (GPa) 202 234/191 213
Cy4 (GPa) 59 72/40 52
Cy; (GPa) 21.5 31.5/45 56
B (GPa) 82 99/94 103

B. Temperature variation of elastic constants

The elastic constants obtained using the first-principles
approach were compared with those obtained from potential
model and reported experimental results®>3? in Table 1. Bulk
modulus was calculated using the relation B = (Cy; +
2Cy3)/3, where C;; and Cj, are the elastic constants. The
calculated elastic constants Cy;, C;2, Cs44, and bulk modulus
B using the ab initio method at 0 K are in good agreement
with reported experimental data at 300 K and our previous?
LD calculations.

The MD technique was used to calculate the effect of
temperature on the elastic properties. We found that increasing
temperature resulted in significant change in the acoustic
phonon frequencies, which in turn brought a change in the
elastic properties. The calculations were found to be in good
comparison (Fig. 5) with the reported experimental data.’?
Here, C;; showed maximum softening, which is one of the
characteristic features of a superionic compound. The change
in Cj; was marginal, while C44 remained almost constant
with temperature increase. The gradual change in Cs4 and
C, with increasing temperature was brought out better in the
MD simulation and is in good agreement with experimental
findings. With increasing temperature, most of the phonon
modes shifted towards lower energy. The details of dependence
of elastic constants on temperature could play a pivotal role
in understanding the role and uses of lithium oxide as blanket
material for tritium production in fusion reactors.
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FIG. 6. (Color online) Energy profile for lithium ion movement
along high-symmetry directions. Calculations were carried out using
a10 x 10 x 10 supercell corresponding to lattice parameter values
of 4.606 and 4.88 A.

C. Energy profile for Li movement

The movement of atoms in a material depends on the inter-
atomic bonding, temperature, microstructure, size, and type of
atoms moving. The energy profile for lithium movement was
calculated by creating a vacancy and moving a lithium atom
from its initial lattice site towards the vacant lattice site along
a given high-symmetry direction, namely [001], [110], and
[111] directionsina 10 x 10 x 10 supercell, and monitoring
the change in the total crystal potential. The charge neutrality
of the supercell was maintained in the complete process. This
enabled us to identify the easy direction for Li motion towards
vacancy at different temperatures. The profiles of the energy
changes are shown in Fig. 6. The calculated energies for
movement of Li atom along [001], [110], and [111] directions
were 0.3(0.0), 9.4(6.3), and 2.0(1.8) eV, respectively, at unit
cell volumes corresponding to 4.60 and 4.88 A. It can be seen
that the most favorable direction for lithium movement was
along the [001] direction. With increase in temperature, the
increased availability of defects and vacancies could lead to a
simultaneous movement of several lithium ions towards their
nearest vacant site. This cooperative phenomenon could lead
to a macroscopic effect of diffusion, which is observed in
Li, O above superionic temperature, but this does not rule out
lithium’s motion along a combination of other directions.

IV. CONCLUSIONS

A combination of classical and first-principles studies were
used to successfully explain the behavior of lithium oxide at
the onset of superionic transition. Phonon dispersion along
symmetry directions from ab initio calculations is in good
agreement with reported experimental data. We found that,
around the fast ion transition temperature, the zone boundary
TA phonon mode along [110] became unstable. This softening
of the phonon could be a precursor to dynamic instability. This
observation is corroborated by the eigenvector of this mode
and could be one of the factors leading to diffusion of lithium
ions. We also were able to simulate the decrease in elastic
constants with increasing temperature, which is one of the
characteristic features exhibited by these fast ion conductors.
Finally, we were able to relate the phonon softening with the
ease of lithium movement at an elevated temperature along
[001] as against the other two high-symmetry directions
considered. These studies shed more light on and can aid
in improving the utilization of the oxide in its numerous
technological applications.
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