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We report a cumulative study of lithium oxide in its normal as well as superionic phase using both lattice
dynamical and molecular dynamical calculations. Molecular dynamics simulations have been carried out to
study the fast ion phase and the diffusion behavior of lithium and oxygen ions. The results obtained for the
diffusion constant and the thermal amplitude of lithium are in very good agreement with experimental obser-
vations. The pair correlation functions, LiuOuLi bond angle distribution and snapshots of the positions of
lithium atoms over a range of time steps, provide a microscopic picture of the local structure indicating that as
in other fluorites, the lithium ions diffuse via an interstitial mechanism but the distortions due to this movement
are small. Lattice dynamical calculations have been done using a shell model in the quasiharmonic approxi-
mation. We have calculated the equilibrium structure, phonon frequencies, the elastic constants and the specific
heat, which are in excellent agreement with the available experimental data. We also predict the pressure
variation of the phonon dispersion and the equation of state.
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I. INTRODUCTION

Lithium oxide exhibits high ionic conductivity while in
solid condition, and belongs to the class of superionics,
which allow macroscopic movement of ions through their
structure. This behavior is characterized by the rapid diffu-
sion of a significant fraction of one of the constituent species
within an essentially rigid framework formed by the other
species. In lithium oxide, Li ion is the diffusing species,
while oxygen ions constitute the rigid framework.1,2 Lithium
oxide, like other superionics, finds several technological ap-
plications. These applications range from miniature light-
weight 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 to name a few.3 It is also a leading con-
tender for future fusion reactors to convert energetic neutrons
to usable heat and to breed tritium necessary to sustain
D-T (deuterium-tritium) reaction.3–5 This application is at-
tributed to its high melting point, relatively low volatility and
high Li atom density.

Microscopic modeling or simulation is necessary to un-
derstand the conduction processes at high temperatures in
crystals. Several theoretical6–15 and experimental16–32 works
have been reported on Li2O,6–13,25–32CuI,14,15 CaF2, BaF2,
SrCl2, PbF2, etc.16–24 The sole purpose of these studies has
been to understand the process of fast ion conduction and the
role of defects in conductivity; in case of Li2O, further inter-
est has been to study Li diffusion from the point of view of
tritium generation for future fusion reactors.5 Fluorites like
CaF2, BaF2, SrCl2, PbF2, etc. show type II superionic
transition.3 They attain high levels of ionic conductivity fol-
lowing a gradual and continuous disordering process within
the same phase. In general, this extensive diffusion is as-
sumed to be associated with the development of extensive
Frenkel disorder in the anion sublattice(cation in the case of
antifluorites). This is characterized by a large decrease in the
elastic constant C11

20,22 and a specific heat anomaly19–26 (a
Schottky hump) at the transition temperature,Tc. The anti-

fluorite lithium oxide is a face-centered-cubic structure be-
longing to the space groupO5

h sFm3md. Lithium atoms are
in tetrahedral sites. Similar to the other fluorites, this system
too shows a sudden decrease in the value of the C11 elastic
constant27 at the transition temperature,30 Tc,1200 K (the
melting point of Li2O is 1705 K) although there does not
seem to be any drastic change in the specific heat.27–29 The
diffusion coefficient of lithium at this transition becomes
comparable to that of liquids.30 Theoretical calculations have
been done to formulate an interatomic potential for Li2O

6,7

and several thermodynamic properties including lithium’s
diffusion coefficient, etc. have been calculated. Detailed
study of the processes occurring in the crystal lattice at el-
evated temperatures is essential to understand the transition;
to determine the probable interstitial regions where a given
lithium atom resides while diffusing and to unravel the mys-
tery as to why the local structure remains more or less main-
tained even beyond the transition temperature.

The main objectives of the present study are:(i) to for-
mulate a suitable interatomic potential model to calculate the
phonon spectrum, specific heat, other thermodynamic and
elastic properties, which would be in good agreement with
the various experimental observations and(ii ) to carry out
molecular dynamics simulations using the parameters ob-
tained from the lattice dynamics calculations to elucidate the
microscopic picture of the cation diffusion with increasing
temperature. This would throw light on the mechanism of
fast ion diffusion and the scenario in the crystal lattice just
beyond the transition point. Experimental data on the diffu-
sion coefficient,30 specific heat, mean squared displacements,
elastic properties,27 and phonon frequencies31,32 in Li2O are
available.

This paper has been divided into several sections. Section
II presents the details of the comprehensive lattice dynamics
calculations. Section III deals with the details of the molecu-
lar dynamics simulation. Section IV summarizes and dis-
cusses the numerous results obtained using both the tech-
niques. Finally, the various inferences concluded from the
earlier studies have been put forth in Sec. V.
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II. LATTICE DYNAMICS CALCULATIONS

Our calculations have been carried out in the
quasiharmonic33 approximation using the interatomic poten-
tials consisting of Coulomb and short-range Born-Mayer
type interaction terms

Vsr ijd =
e2

4pE0

ZskdZsk8d
r ij

2 + a expF − brij

Rskd + Rsk8d
G , s1d

wherer ij is the separation between the atomsi and j of type
k andk8, respectively.R skd andZ skd are the effective radius
and charge of thekth atom,a andb are the empirical param-
eters optimized from several previous calculations.34 Oxygen
atoms have been modeled using a shell model,33 where a
massless shell of chargeY skd is linked to the atomic core by
harmonic force constantK skd. Lattice constant, zone center
phonon frequencies and elastic constants have been fitted to
experimental values. The final set of optimized parameters
used in the calculation is given in Table I. The calculations
have been carried out using the current version of the soft-
ware DISPR35 developed in Trombay. The interatomic poten-
tial enables the calculation of the phonon frequencies in the
entire Brillouin zone. Based on the crystal symmetry, group
theoretical analysis provides a classification of the frequen-
cies at zone center and the symmetry directions, in the fol-
lowing representations:

G: 2T1u + T2g sT1u andT2g are triply degenerated,

s00zd: 2D1 + D2 + 3D3,

szz0d: 3S1 + 2S2 + S3 + 3S4,

szzzd: 3L1 + 3L3.

(L3 andD3 modes are doubly degenerate.)
Based on the crystal symmetry, Li2O is expected to have

one infrared active modesT1ud and one Raman active optical
modesT2gd. These classifications of the phonon modes into
different irreducible representations enable direct compari-
son with single crystal Raman, infrared and neutron data.

Phonon density of states is an integrated average over all
phonon modes in the complete Brillouin zone. It is defined
by the equation

gsvd = cE
BZ

o
j

dfv − v jsqdgdq, s2d

wherec is a normalization constant such thategsvddv=1, q
is the reduced wave vector in the Brillouin zone,v j is the
frequency of thej th phonon mode; Phonon density of states
has been calculated by effectively integrating over a 838
38 mesh of wave vectors in the cubic reciprocal space unit
cell while taking advantage of the symmetry of the Brillouin
zone. The contribution from individual atom species can be
obtained as partial density of states, which is given as

gksvd = cE o
j

ujsqj ,kdu2dfv − v jsqdgdq, s3d

where j sqj ,kd is the polarization vector of the phonon
v j sqjd. The calculated density of states can be used to evalu-
ate the various thermodynamic properties of the solid includ-
ing specific heat at constant volume,CVsTd. To compare with
experimental data, we need to calculateCPsTd, which is
given as

CPsTd = CVsTd + avsTd2BVT, s4d

where bulk modulus,B = − VSdP

dV
D . s5d

The volume coefficient of thermal expansion is given as

avsTd =
1

BV
o
i=qj

GiCvi
sTd. s6d

Gi is the Grueneisen parameter for thej th phonon mode at
wave vectorq and is given by

Gruneisen parameter,Gi = −
] ln vi

] ln V
. s7d

In the present work, we have calculated the phonon fre-
quencies, the elastic constants, the specific heat, and the
equation of state. These results have been compared with the
available experimental data in Sec. IV.

III. MOLECULAR DYNAMICS SIMULATION

Molecular dynamics is a powerful method for exploring
the structure and dynamics of solids, liquids, and gases. Ex-
plicit computer simulation of the structure and dynamics us-
ing this technique allows a microscopic insight into the be-
havior of materials to understand the macroscopic
phenomenon like diffusion of lithium ions and their contri-
bution to the fast ion transition in this case. An interatomic
potential, which treats Li and O as rigid units may be suffi-
cient to study properties like diffusion. The optimized param-
eters obtained from lattice dynamics studies have been used
for these simulations. In our study, we have taken a macro
cell of 768 rigid atoms with periodic boundary conditions to
study the response of the system when set free to evolve
from a configuration disturbed from the equilibrium situa-
tion. The lattice parameters and atomic trajectories can thus
be obtained as a function of temperature and external pres-
sure. Calculations in this work have been done using the
software developed at Trombay.36 The simulations have been
done at various temperatures up to and beyond the fast ion

TABLE I. Model parameters(a=1822 eV,b=12.364).34

Atom type skd R skd (nm) Z skd Y skd K skd seV/nm−2d

Lithium 0.129 0.75 ¯ ¯

Oxygen 0.175 −1.5 −2 6500
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transition. The diffusion coefficient, mean square displace-
ment of lithium ion, and the pair correlation function were
calculated to understand the local environment in the normal
as well as the superionic phase and to understand the changes
taking place upon transition.

The pair correlation function of a crystal consisting of
various atoms at a givenr is dependent on

gk8ksrd ~
1

4pr2o
i,j

iÞ j

dhr − r ijskk8dj, s8d

wherer ij skk8d is the separation between the positions ofith
and j th constituent atoms whilek andk8 refer to the different
kinds of atoms. Molecular dynamics simulations have been
carried out at various temperatures starting from
300 to 1500 K at zero pressure and 5 GPa. The diffusion of
lithium and oxygen ions have been monitored. The effect of
static pressure on the diffusion of constituent ions has also
been investigated. The movement of certain lithium ions
over a time of 10 ps was monitored with a time step of 1 fs
to understand the diffusion dynamics, taking place in the
lithium sublattice.

IV. RESULTS AND DISCUSSION

The calculated values of the lattice parameter, bulk modu-
lus, and elastic constants compare well with the experimen-
tally obtained data as presented in Table II. From the phonon
dispersion relation along[110], we can obtain the value of
C11uC12 for cubic systems, which is in good agreement
with its corresponding experimental value. Since C12 is de-
rived indirectly using the values of C11 and sC11uC12d, it
appears to be overestimated, as compared to the experimen-

TABLE II. Comparison between calculated and experimental
lattice1 parameters and elastic constants27 at ambient conditions.
The numbers in the parenthesis are the errors in the last significant
digit.

Physical Quantity Experiment Calculated

Lattice parameter(nm) 0.460(1) 0.461

Bulk modulus 81.7(62) 103

C11 (GPa) 202.0(55) 213

C44 (GPa) 58.7 (8) 52

C12 (GPa) 21.5 (66) 56

C11-C12 (GPa) 180.5(86) 157

Anisotropy factor
s2C44/ sC11uC12dd

0.65 (5) 0.66

FIG. 1. Phonon dispersion relation in Li2O;
(a) P=0 GPa, (b) P=50 GPa, and (c) P
=100 GPa. Solid symbols are the experimental31

points from neutron scattering.
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tal results.27 The calculated phonon dispersion relation in
lithium oxide is given in Fig. 1 at three different pressures.
The calculated zone center mode frequencies have been com-
pared with light scattering data in Table III. The values ofGi
for the zone center optic modes have been calculated;GT1u
=0.66 [for the longitudinal optical(LO) branch]; GT1u

=1.68
[for the transverse optical(TO) branch]; GT2g

=1.47 for the
Raman mode. Figure 1 and Table III show that the agreement
of the calculations with the single crystal neutron,31 Raman,
and infrared data32 is excellent. The calculated ratio between
the static-dielectric constant«s0d to its high frequency limit
«s`d, «s0d /«s`d=3, is in good agreement with experiment.32

With the increase in pressure, our calculations do not in-
dicate any softening of the phonon modes. In general, all the
frequencies have hardened with pressure; especially phonons
in the energy interval between 50 and 75 meV atP

=50 GPa show a shift of about 25 meV towards the higher
end, while the top most branch shifts by only about 15 meV.
With further increase in pressure to 100 GPa, the above fre-
quencies harden further by 15 meV.

These observations are further substantiated from the total
density of states, and the partial densities for Li and O atoms
in Fig. 2. The energy span atP=0 GPa is between 0 and
90 meV, at P=50 GPa, it is up to 120 meV, while atP
=100 GPa it spans up to 135 meV. As can be seen from the
figure, the peak around 50 meV atP=0 GPa has shifted to
higher energy with pressure increase, while the peak around
20 meV is more or less undisturbed. From the partial densi-
ties, we can conclude that the oxygen contribution is much
greater on the lower energy end, which remains unperturbed
by pressure changes, suggesting its greater stability com-
pared to lithium. AtP=0 GPa, lithium ion’s contributions lie
mainly in the interval 45–75 meV, likewise oxygen atom’s
contribution lies mainly in the interval 0 and 60 meV. There
is a contribution from both atoms at 90 meV. AtP
=50 GPa, lithium atoms contribute between 75 and 120 meV
while oxygen atoms contribute up to 120 meV. At 100 GPa,
lithium contributes mainly between 85 and 135 meV, while
oxygen contributes until 135 meV. At all the three pressures,
the lowest peak for both the atoms are practically indistin-
guishable.

FIG. 2. Phonon density of states atP=0 GPa,P=50 GPa, and
P=100 GPa along with the partial density of states for lithium and
oxygen as calculated by quasiharmonic lattice dynamics
calculations.

FIG. 3. (a) Specific heat at constant pressure compared with
experimental27,29 data (circles29 and triangles27). (b) The equation
of state for Li2O.

TABLE III. Comparison between experimentally obtained light
scattering data32 and the calculated values.

Mode Experiment Calculated

T1u (TO) scm−1d 737 737

T1u (LO) scm−1d 425 423

T2g scm−1d 523 539
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The calculated specific heat,CPsTd, has been compared
with the available experimental data27,29 in Fig. 3(a). The
comparison is very good up to about 1100 K beyond which
the fast ion behavior sets in and the slope of the experimental
data are much greater compared to calculations. This is ex-
pected owing to the quasiharmonic approximation in lattice
dynamics calculations.

The equation of state, i.e., the variation of the volume of
the primitive cell with pressure, is given in Fig. 3(b), how-
ever, experimental data for the same is unavailable for com-
parison. There is a smooth decrease in volume with increase
in pressure.

The diffusion coefficient of lithium ion has been com-
pared with experimental30 data in Fig. 4. The experimental30

transition temperature of the normal to fast ion phase is
about 1200 K at zero pressure whereas the calculated value
lies at about 1000 K, which is in good agreement. The ap-

FIG. 4. Lithium atom’s diffusion coefficient,D and its variation
with temperature and pressure obtained from molecular dynamics
(MD) simulations. Solid circles are the experimental results30 at
ambient pressure.

FIG. 5. (a) Calculated(MD simulations) thermal amplitude of
lithium ku2l1/2 as a function of temperature(open circles) at ambient
pressure and comparison with experiment(solid circles).1 (b) Varia-
tion of lattice volume with temperature at ambient pressure, com-
pared with experimental27 (solid circles) results. Open circles, as
derived from molecular dynamics simulations, denote calculated
values. Full line gives the thermal expansion derived from quasi-
harmonic lattice dynamics calculations.

FIG. 6. (a) Pair correlation functions of LiuLi, Li uO, and
OuO and(b) angle correlation function of LiuOuLi bond angle
in Li2O at different temperatures and ambient pressure as obtained
from MD simulations.
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plication of a static pressure of 5 GPa increasesTc only mar-
ginally by 200 K to about 1200 K.

The thermal amplitude of lithium atom is compared with
experimental results1 in Fig. 5(a), which are in very good
agreement. The change in the slope of the plot at the superi-
onic transistion, which is seen in the experiment, is brought
out clearly. The variation of the volume of the unit cell with
temperature, as obtained from molecular dynamics simula-
tions is plotted in Fig. 5(b), which shows a good agreement
with experiment.27 The implicit thermal expansion calculated
from quasiharmonic lattice dynamics arising from the vol-
ume dependence of phonon frequencies is also plotted,
which accounts for only a part of the observed thermal ex-
pansion.

The disturbances in the crystal structure accompanying
the superionic transition are limited to the lithium sub lattice.
This conclusion is further strengthened by the pair correla-
tion functions of LiuLi, Li uO, and OuO in Fig. 6(a).
But it is also noteworthy to mention that the disturbances in
the lithium sublattice occur gradually as seen from the broad-
ening in the pair correlation functions of LiuLi with in-
creasing temperature. On similar lines, we can understand
the angle distribution of LiuOuLi bond in Fig. 6(b),
which again shows no drastic changes near the fast ion tran-
sition. This reiterates the notion that the disturbances occur-
ring in the lattice are highly localized and the local environ-

ment is only moderately disturbed. The oxygen sub lattice
remains unperturbed as seen from the plots in Fig. 6.

The position—time plots of certain Li atoms, for a time
duration of 10 ps at 1250 K inXY andYZ planes are given
in Fig. 7. The Li atom A at an initial position(the positions
are actually multiples of the lattice parameter) of
(1.25,1.25,1.25) moves to a second position(1.25,1.25,1.75)
with a jump time of approximately 0.065 ps, residence time
being more than 3.3 ps at the initial position. It then moves
to the third position of(1.25,0.75,1.25). The residence time
at the second position is 3.9 ps. Before moving to the third
position, it undergoes some transit zigzag motion in the oc-
tahedral region surrounding the coordinate(1.25,1.65,1.5).
On the other hand atom B starts at an initial coordinate of
(3.75,0.75,1.75) and then moves to the second position
(3.75,1.25,1.75) in the time duration for which these atoms
were tracked. These results indicate that the lithium atoms
jump from one tetrahedral position to another, passing the
octahedral interstitial regions during transit; at any given in-
stant the probability of an atom sitting in the octahedral po-
sition is rather small. Similar results have been reported for
CuI,14,15 where ionic density distribution shows no or very
little occupation of the octahedral sites with increase in tem-
perature. Average potential energy curves obtained for CuI14

depict that energy is a minimum at the tetrahedral sites and
rises rapidly as the octahedral site is approached. The lithium

FIG. 7. Snapshots of the
movement of given lithium atoms
(a) atom A and(b) atom B in a
duration of 10 ps in theXY and
YZ planes as obtained from mo-
lecular dynamics simulations at
1250 K and ambient pressure. The
values in thex axis are actually
multiples of the lattice parameter
at 1250 K. Lithium atoms prefer-
entially occupy only the tetrahe-
dral sites.
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atoms essentially move from one tetrahedral position to an-
other randomly, yet maintaining the local order and structure
to a great degree.

V. CONCLUSIONS

A shell model has been successfully used to study the
phonon properties of lithium oxide. The interatomic potential
is able to reproduce the elastic constants, bulk modulus,
equilibrium lattice constant, and phonon frequencies, which
are in good agreement with the reported data.1,27,29,31,32The
calculated phonon dispersion relation is in very good agree-
ment with the reported neutron and light scattering data.31,32

There appears no phonon softening even up to high pressures
of 100 GPa. Partial densities of state of lithium and oxygen
atoms show that they contribute almost in the whole energy
span up to 100 meV. There is a greater contribution of
lithium in the higher energy side as compared to oxygen,
which contributes more on the lower end. This may be ex-
plained with regards to their size and mass. The calculated
specific heat is in good agreement up to about 1100 K but
shows a slower rise as compared to the experimental data
when the superionic behavior sets in. Small deviations be-
tween the calculation and the experiment begins to occur
even at lower temperature which could be due to some defect
generation in the lattice prior to the superionic phase.

The diffusion coefficient calculated for lithium ion shows
a transition to fast ion phase at around 1000 K whereas in
experiment, it is seen to occur around 1200 K. At the transi-
tion temperature, lithium atom’s diffusion coefficient is com-
parable to that of a liquid and is in the order of 10−9 m2/s.
Application of static pressure of 5 GPa only brings about a
marginal change in the transition temperature. The pair cor-
relation functions for LiuLi, Li uO, and OuO and the
angle distribution for LiuOuLi bring out the following
inferences. The pair correlations for LiuLi just show a
gradual broadening with increase in temperature from
300 to 1250 K. The distortions in the lattice due to fast ion
diffusion are highly localized, and the local environment re-
mains unchanged to a great extent. These results indicate to a
jump diffusion model in which the lithium ions move from
one tetrahedral site to another tetrahedral site via octahedral
interstitial sites. But nonetheless, they do not occupy any of
these octahedral sites. The jump time of the lithium atoms at
temperatures above the transition is very small compared to
their residence time at any given symmetry position. As a
result, the lattice seems more or less undisturbed. Though
there is a considerable movement of lithium atoms, we could
not discern any rule governing their movements from one
tetrahedral region to another. The interatomic potential for-
mulated for lithium oxide may be transferred to other similar
fluorite and antifluorite oxides like Na2O, K2O, UO2, ThO2,
etc. with suitable modifications to study their vibrational and
thermodynamic properties.
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