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Theoretical prediction on the elastic properties of superionic material is challenging due to the fast diffusion
of cation/anion in the lattice. Here, we investigated the elastic properties of Li,O at elevated temperature and
pressure using ab initio molecular dynamics (AIMD). We observed the superionic transition above 1300 K, and
the highly diffusive Li* leads to local structure change with significant influence on the elasticity of Li,O. We
successfully predicted the significant Cy; softening above 1300 K, and the calculated elastic constants fit the
previous experimental results very well. It suggests the anharmonic lattice vibration before superionic transition
and the diffusion of Li* after superionic transition are very important for the prediction on the elastic properties,
and the AIMD method is able to describe the superionic behavior accurately. In addition, we calculated the
bulk and shear moduli, sound velocities, as well as elastic and sound velocity anisotropies. We found that the
superionic state transition also leads to the weakening of the elastic and sound velocity anisotropies in Li,O.
Pressure has negative effect on the mobility of Li*, which strengthens the elastic stiffening effect of superionic

Li,O with increasing pressure.

DOLI: 10.1103/PhysRevB.103.174105

I. INTRODUCTION

Deuterium (D)-tritium (T) nuclear fusion is one of the
important solutions to future energy challenges [1-3]. Due to
the limited tritium source in nature, a tritium breeding blanket
was adopted for the continuous production of tritium in the
fusion reactor [3-5]. In the breeder blanket region, tritium can
be generated through nuclear transmutation of lithium, and
lithium ceramics are considered as breeder materials. Rele-
vant properties of lithium ceramics such as Li,O, Li,TiOs3,
LiAlO,, Li,ZrOs3, Li,Si03, and Li4Si0,4 are investigated both
theoretically and experimentally [5—-17].

These materials are also known as superionics. At the su-
perionic state, Li ions become highly diffusive within static
oxide framework exhibiting high ionic conductivity over
0.1Sm!. As one of the simplest binary lithium ceramics, the
Li* transport property of antifluorite Li,O has been widely
studied [18—27]. The increasing mobility of Li* in Li,O at
high temperature has been confirmed by the NMR, ionic con-
ductivity, and single-crystal neutron diffraction experiments,
and the superionic transition temperature were determined to
be ~1200 K [28,29]. Molecular dynamic (MD) simulations
were adopted to calculate Lit diffusion coefficients in Li,O
at superionic state [8,21-26]. The experimental and calculated
ionic conductivities show good consistence especially at high
temperatures. Recently, nonequilibrium molecular dynamics
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method was used to predict the low-temperature Li* diffusion
behavior in Li, O accurately [23].

Mechanical properties for Li,O are also important in gov-
erning the deformation and fracture of the fuel during both
normal operation and potential transients [30]. The fast dif-
fusion of Li* changes the Li* distribution in the lattice, and
thus affects the mechanical properties of the materials. Hull
etal. measured the elastic constants of Li, O in the temperature
range 293-1603 K [7]. An anomalous sharp decrease in Cj;
above ~1350 K was attributed to the fast diffusion of Li*
in the lattice. Experimental studies on the elastic constants
change at high temperatures are quite rare due to the difficulty
in obtaining single-crystal samples. As a result, calculations
based on density-function theory (DFT) were used to pre-
dict the elastic properties of materials at high pressures and
temperatures [10,12,20]. However, accurate prediction on the
elastic properties of Li,O at high temperature is still quite
a challenge. The quasi-harmonic Debye model was used to
calculate the elastic constants of Li,O at high temperature
[12,20]. Although instability of the phonon mode was ob-
served before superionic transition, this method ignored the
structure change ascribed to the superionic transition, and thus
failed to predict the Cj; softening above ~1350 K as observed
by experimental study [7]. Gupta et al. [20] observed the
significant decrease in Cy; of Li,O in their empirical potential
model calculations, but there is still a gap between calculated
and experimental results. Here, ab initio molecular dynamics
(AIMD) method was adopted to study the elastic proper-
ties of LipO. The calculated elastic constants with increasing
temperature are consistent with experimental results, and the
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TABLE I. AIMD simulated density, lattice parameter, elastic constants, bulk modulus, shear modulus, elastic anisotropic factor, and

Poisson’s ratio of Li, O at different temperatures and pressures.

P (GPa) T (K) p(gem?) a(A) Ci; (GPa) Ci2 (GPa) Cy4 (GPa) B (GPa) G (GPa) A v

0.0 0 2.00 4.63 206.8 24.1 54.2 85.00 66.89 0.593 0.188
0.0 700 1.96 4.66 167.5 22.5 51.9 70.83 59.35 0.716 0.173
0.0 1000 1.91 4.71 151.8 17.0 46.6 61.93 54.04 0.692 0.162
0.0 1300 1.84 4.76 143 16.3 34.0 58.53 43.74 0.537 0.201
0.0 1400 1.81 4.79 121.2 17.1 323 51.80 39.14 0.621 0.198
0.0 1500 1.80 4.80 108.5 53 28.7 39.70 36.38 0.557 0.149
0.0 1600 1.77 4.83 97.7 17.0 323 43.90 35.31 0.801 0.183
0.0 1700 1.75 4.84 93.1 29.4 23.1 50.63 20.27 0.725 0.279
10.0 0 222 4.48 249.2 50.4 76.6 116.67 85.03 0.771 0.207
10.0 1000 2.08 4.50 205.0 40.1 539 95.27 64.04 0.654 0.225
10.0 1700 2.05 4.60 164.6 42.0 52.8 82.87 56.05 0.861 0.224
20.0 0 2.39 4.37 292.5 82.9 92.5 152.77 97.24 0.883 0.237
20.0 1000 2.35 4.39 254.4 719 69.0 136.73 76.15 0.782 0.265
20.0 1700 2.25 4.46 220.8 79.5 70.5 126.60 70.56 0.998 0.265
30.0 0 2.53 4.28 332.2 115.0 103.2 187.40 105.32 0.950 0.263
30.0 1000 2.50 4.30 295.1 106.0 87.3 169.03 90.13 0.923 0.273
30.0 1700 2.42 4.35 275.0 100.2 73.5 158.47 78.78 0.841 0.287

elastic anisotropy and sound velocities of Li,O are studied
upon superionic transition. Moreover, we predicted the elastic
properties of Li,O with increasing pressure in both solid and
superionic states.

II. COMPUTATIONAL METHODS
A. Lattice relaxation and migration barrier energy calculations

Ab initio calculations were executed using the Vienna
Ab initio Simulation Package (VASP) [31] based on the
DFT [32,33]. The projected augmented wave potentials
were used to deal with the electronic exchange-correlation
interaction along with the PBE(Perdew-Burke-Ernzerhof)-
GGA(generalized gradient approximation) functional [34,35].
A plane-wave representation for the wave function with a
cutoff energy of 800 eV was applied. Geometry optimizations
were performed by using a conjugate gradient minimization
until all the forces acting on ions were less than 0.01 eV /A per
atom. The fully relaxed structure was treated as the structure at
normal pressure. k-point mesh with a spacing of ca. 0.03 A ~!
was adopted. The structures at high pressures were obtained
by the relaxation at 20, 50, and 100 GPa. The Li* migration
barrier energy was calculated by the Climbing-Image Nudged
Elastic Band (CINEB) method [36]. A larger 2x2x2 super-
cell containing 96 atoms was adopted for our simulation, and
9 images were duplicated in our calculations between the
starting point and the end point of migrating ion to simulate
the intermediate states. For the large supercell adopted in
the CINEB calculations, only the gamma point was adopted
for k-point sampling to reduce the computational cost. The
convergence check indicated that a denser £ mesh did not
affect our conclusion.

B. Diffusion coefficients and ionic conductivities calculations

In AIMD calculations, 2x2x2 supercells containing 96
atoms were employed. The energy cutoff was reduced to
400 eV, which is energetically converged based on our cut-

off energy test [37] (Fig. S1). Brillouin-zone sampling was
performed at the I point. An equilibration step was first
carried out in the canonical ensemble (constant N, V, T) us-
ing a Nosé thermostat [38]. The simulations are conducted
at hydrostatic 0 to 30 GPa and temperatures from 700 to
1700 K with a time step of 1 fs lasting over 20 000 steps.
The time-average mean-square displacements (MSD) of the
different atoms were generated using the atomic configuration
information from every finite MD time step, defined as

N

1
(FOP) = & D7 +10) = 7 ()F),

i=1

ey

where 77 (7) is the displacement of the ith Li ion at time ¢,
and N is the total number of Li* in the system. D is obtained
by a linear fit to the time dependence of the average MSD.
The obtained D at various temperatures can be fitted with the
Arrhenius equation:

AH
D:Aexp _ﬁ s

where AH is the activation enthalpy, A is a pre-exponential
factor, k is the Boltzmann constant, and T is the temperature.
The electrical conductivity is calculated on the basis of the
diffusion coefficients and the Nernst-Einstein equation:

@)

2
o= 120 3)
kT

where o is the electrical conductivity, f is a numerical factor
approximately equal to unity, D is the diffusion coefficient,
c is the concentration of Li', g is the electrical charge, k is
the Boltzmann constant, and 7 is the temperature. Additional
computational details can be found in our previous works
[39,40].
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FIG. 1. MSDs of Li* in Li,O at different temperatures. The trajectories of Li* at 700 and 1600 K are shown with small green balls in the

lattices. Oxygen atoms are represented by red spheres.

C. AIMD elastic constants calculations at high temperatures

To calculate the elastic constants, it is important to gen-
erate the structures at hydrostatic pressure and different
temperatures [41,42]. We determined the equilibrium volume
and cell parameter at different temperatures by conducting a
grid of NVT ensemble simulations over volumes and temper-
atures. For each equilibrium structure at different temperature,
a 20 000 time-step (20 ps) simulation was conducted to check
for sure that the stress field is hydrostatic. The elastic constant
Cjj was calculated by distorting the equilibrium structure and
solving the stress-strain relations.

The elastic properties of crystal are expressed as the rela-
tionship between stress and strain:

0ij = Cijki&u, 4)

where o;; refers to stress tensor, &, refers to strain tensor, and
C;jx represents fourth-order elastic modulus. Considering the
symmetry of C;jy;, the equation is simplified as below:

o; = C,'j&‘j. (5)
The equation could be expanded as follows:
o1 Ci Cp Ci Cuy Cis Cig
lop) Cn Cpn Cu GCs Gy
o3| _ Gz Gy Gs Gy
04 Cu G5 Cye
o5 Css  Cse
06 Ces
€]
&2
€3
X e | (6)
&5
6

For the cubic system investigated in this work, we calcu-
lated the three nonequivalent elastic constants, Cyj, Cjo, and
Cy4 can be obtained by a strain tensor:

s 0 O
e=|0 0 0], @)
0 0 O

and we obtained Cy4 using a strain tensor:

0 0 0
e=[0 o 2], (8)
0 8/2 0

where 6 is the magnitude of distortion. For 6 in £0.01,
40.005, and 0, five group of strains were added by

d =al+¢), €))

where a represents third-order cell parameter matrix, and ¢
represents added strain Ag, I represents third-order identity
matrix. In order to ensure the reliability and full convergence
of the results, 10 000 time steps of NV T simulations were car-
ried out for each direction of deformation. The final results of
strain-stress data show very good linear relationship and were
fitted to Eq. (4) employing the central difference method. For
each optimizing result, the calculated correlation coefficient
R? was larger than 99%.

D. Melting temperature estimation using coexistence method

We estimated the melting temperature of LiO using the
coexistence method, which has been widely used to pre-
dict the melting temperatures of metals [43,44], hydrogen
[45], and lithium hydride [46]. The coexistence model was
constructed by combining a solid and liquid Li,O structure.
The solid structure was generated using a 4x2x2 supercell
containing 192 atoms, which was thermally equilibrated at
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FIG. 2. RDF of Li-O, Li-Li, and O-O in Li,O at 700, 1300, 1400, 1500, and 1600 K.

~1500 K for ~2 ps. The liquid structure was generated by
heating the solid structure at ~5000 K for ~2 ps, and then
slowly cooling down to ~1700 K. The AIMD simulation was
performed on the coexistence model containing 384 atoms
in the NVE (N-number of particles, V-volume, E-internal
energy) ensemble. Under a constant internal energy, the co-
existence system can be maintained for a long time, and the
average temperature and pressure of the coexistence system
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FIG. 3. The elastic constants of Li,O at temperatures from 0-
1600 K. The data of this study calculated by AIMD simulations
are presented by red symbols compared with the results of experi-
mental measurements (black solid symbols) [7] and quasi-harmonic
calculations (green [12] and magenta [20] symbols). The orange
symbols represent the calculated values using empirical potential
MD simulations [20]. The elastic constants for Cy;, Ci,, and Cyy are
displayed with squares, circles, and triangles, respectively.

denotes a melting point. The cutoff energy was set to 400 eV
with ' point for k-space sampling. The time step was set at
1 fs with total simulation of over 18 ps. The coexisting state
is maintained during our simulation (Fig. S2). The pressures
and temperatures in the simulation are presented in Fig. S3,
and averaged melting temperature for Li,O is approximately
1673 (£50) K at 0.27 (£0.5) GPa [37].

III. RESULTS AND DISCUSSION

A. Superionic transition and local structural change

We conducted AIMD simulations on Li,O at 700, 1000,
1300, 1400, 1500, and 1600 K. The cell parameter for each
structure is adjusted to maintain hydrostatic normal pressure,
thus the thermal expansion of the lattice is considered in
our simulations. The lattice parameters and volumes at dif-
ferent temperatures are exhibited in Table I. The densities
and cell parameters fit the experimental measurements very
well (Fig. S4) [37]. At 700 K, Lit MSD does not increase
with simulation time, and Li™ simply vibrate about their
lattice positions, indicating an ordinary solid state (Fig. 1).
At temperatures above 1300 K, Lit diffuse off their lattice
sites and the MSD increases with simulation time, while O
ions show negligible displacement, suggesting a superionic
state. It should be noted that superheating solid state can be
obtained in AIMD simulation above the melting temperature
[47,48]. The melting temperature of Li,O was estimated by
the coexistence method [37,47]. The selected simulated tem-
peratures are lower than the estimated melting temperature
of Li,O (Fig. S3). The solid-superionic transition in Li,O is
considered as the second-order phase transition due to the
continuous change of volume and discontinuous change of
thermal expansion coefficient with increasing temperatures
(Fig. S5) [37,49]. The diffusion coefficients of Li* can be
deduced from the MSDs over time at different temperatures,
and are consistent with previous experimental and molecular
dynamics simulation results [8,18]. The diffusion coefficient
at 1600 K is ~1x 1073 cm? s7!. The diffusion coefficients are
fitted through the Arrhenius equation at temperatures varying
from 1300 to 1600 K, and the estimated diffusion activa-
tion enthalpy is 1.98 eV. Using the Nernst-Einstein equation,
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FIG. 4. 3D directional dependence of the elastic anisotropy of Young’s modulus of Li,O at the temperature of 0, 1300 and 1600 K.
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FIG. 6. The evolution of Li,O elastic constants C;;, Cj», and Cay
with increasing pressure. The elastic constants calculated at 0, 1000,
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we calculated the Li* conductivities and plotted them in
Fig. S6 [37]. The ionic conductivity of Li,O increases rapidly
with temperature, and reaches 268 S m~! at 1600 K.

The transition from ordinary solid state to superionic state
in Li,O at ~1300 K leads to significant increase in electric
conductivity, and the Lit distribution change in the lattice
(Fig. 1). Radial distribution functions (RDFs) of Li-O, Li-Li,
and O-O at various temperatures are compared in Fig. 2,
indicating local structure changes with the increasing temper-
ature. The superionic transition leads to the boarding of Li-O,
Li-Li, and O-O distribution. Especially, the Li-Li RDFs are
much more homogeneous at the superionic state. The obvious
diffusion of Li* may bring significant influence on the elastic
properties, which are investigated by the AIMD method.

B. Elastic properties

Using the AIMD method, we obtained the hydrostatic
high-temperature structures of Li,O. We conducted a series of
simulations on the distorted equilibrium structures and solved
the stress-strain relation to obtain the elastic constants Cj;
of Li,O at high temperatures. For face-centered-cubic Li,O,
there are three independent elastic constants (Cy;, Ci,, and
Cy4) as shown in Fig. 3. The calculated elastic constants
satisfy Born’s stability conditions [Eq. (10)], indicating these
high-temperature structures are mechanically stable.

C11 — C12 > O, C11 + 2C12 > 0, C44 >0 (10)

The calculated elastic constants are compared with pre-
vious experimental and computational results (Fig. 3). Our
results show quite good consistence with previous experi-
mental study. We observed the significant softening of C; at
temperatures above ~1300 K, and this effect can be attributed

to the local structure change of Li,O due to the obvious Li*™
diffusion. The change of Cy, and Cy4 upon the superionic tran-
sition is marginal. The instability of phonon mode of Li, O was
reported at the temperature before superionic transition, which
makes the prediction of elastic constants at superionic state
impossible for quasi-harmonic method [20]. Our results fit the
experimental data better than previous quasi-harmonic predic-
tion even at low temperatures [12]. It suggests anharmonic
vibration in the lattice because the high mobility of Lit is
significant in Li-bearing materials even before the superionic
transition. MD simulation with empirical potential is able to
predict the elastic softening behavior of Li,O at superionic
state. However, the softening temperature is about 500 K
lower than experimental results. The AIMD method giving
comparable results with experiments should be the most ac-
curate theoretical approach to predict the elastic properties of
superionic materials, which have the potential to be used as
materials for breeder blanket, lithium-ion batteries, and solid
oxide fuel cells.

The Voigt-Reuss-Hill scheme was used to estimate the
elastic properties of polycrystalline Li,O. The bulk and shear
modulus are defined as

_BvtBr . _GrtGe

B 9 - 9
2 2

(11)

where By and Gy denote bulk and shear modulus within the
Voigt model [50]. Bg and Gy denote bulk and shear modulus
within the Reuss model [51]. These moduli were deduced with
the calculated elastic constants:

(Ci1 +2C1p) (C11 — C12 +3Ca4)

- 45 GV = 5
3 5

_ 5

©(4/(C1y — C12) +3/Cas)

By = Bg =

Gr

(12)
Young’s modulus (E) and Poisson’s ratio (v) were deduced
accordingly and shown in Table I [Eq. (13)]:

_ 9BG
~ B+3G’

3B—-G

U:m; (13)

To investigate the elastic anisotropy, the three-dimensional
(3D) directional dependence of elastic modulus is studied
using the following relation:

1
= (1- 132)2511 + 13533+ 5(1 = B)2s13 + 544),  (14)

where E,, denotes Young’s modulus of the direction w. [y, I,
and /3 are the directional cosines of w. s, $13, 533, and sS4
denote elastic compliance. The evolution of elastic anisotropy
can be properly visualized using 3D directional dependence
of Young’s moduli at 0, 1300, and 1600 K (Fig. 4). Young’s
moduli are stronger along (100), (010), and (001) directions,
and decrease with increasing temperature. Upon the superi-
onic state transition above 1300 K, the significant reduction
of Cy; leads to the weakening of elastic anisotropy, and the
3D diagram at 1600 K is more homogeneous like a sphere.
It suggests the highly diffusive Li* also affects the elastic
anisotropy of Li,O.
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FIG. 7. The change of Li* transportation properties with increasing pressure. (a) Calculated barrier energies of Li™ migration along (010)
directions at normal and high pressures. The migration path is represented by purple balls in the inserted Li,O lattice. Green and red spheres
denote Li and O atoms. (b) MSDs of Li* in Li,O at 1700 K and pressures from 0 to 30 GPa.

C. Sound velocities

With the calculated bulk and shear moduli, the com-
pression (Vp), shear (Vs), and bulk (V) velocities in poly-
crystalline Li,O are obtained and shown in Table I and
Fig. S7 [37]:

4G
Vo = B+ 3
P = ’

Jo
G B

Vs=[— Vu=_|—. (15)
\ o \p

The decreases in Vp and V;, are more significant than that
of Vs upon the superionic transition above 1300 K. The sound
velocities along different directions can be obtained by solv-
ing the Christoffel equation [52,53]:

ICijunjn; — pV?8i] = 0. (16)

In high-symmetry directions, when polarization directions
are parallel or vertical with the propagation directions of ve-
locities, the modes are called pure longitudinal or transverse,
respectively. In general directions, the velocities are divided
into one quasi-longitudinal Vp (closet to propagation direc-
tions) and two spitting shear-wave velocities (Vs; and Vs»).
The seismic anisotropy of P wave and S wave are defined as

(VMAX _ yMINY 5 200
(VMAX +VMIN)

AV = , (17)

where VMAX and VMIN are the maximum and minimum ve-
locities. The velocities along lattice directions are exhibited
by the circular patterns (Fig. 5). From 0 to 1300 K, the veloc-
ities decrease obviously, while the velocity anisotropies show
slight increases. The AVp, AVs, and AVs, in superionic Li, O at

1600 K are 6.0, 11.5, and 7.7%, respectively, which are quite
low compared with those at 1300 K.

D. Elasticity at high pressure

We performed AIMD simulations on Li,O at high pres-
sure to explore the pressure effect on the superionicity and
elasticity. In the simulations, the volumes of supercells are
finely adjusted to maintain hydrostatic pressures at 10, 20, and
30 GPa. The densities and cell parameters are presented in
Table I. At high pressure, elastic constants are calculated at 0,
1000, and 1700 K and shown in Fig. 6. Generally, all the elas-
tic constants increase with applied pressure, and still satisfy
Born’s stability conditions [Eq. (10)], indicating the elastic
stabilization of Li,O at high P-T (<30 GPa and <1700 K).
With increasing pressure, the gap of C;; at 1000 and 1700 K
is reduced. It suggests pressure may have significant influence
on the Li™ mobility, and the Li" transportation properties
under high pressure are investigated. CINEB method was used
to calculate the migration barrier energy of Li™ along (010)
directions by optimizing nine images between two nearest Li™
tetrahedral sites [purple balls in the inset of Fig. 7(a)]. The bar-
rier energy is 0.26 eV at normal pressure, which is consistent
with previous study [20]. It is noted that the barrier energy
calculated by CINBE method can be quite different compar-
ing with the diffusion activation enthalpy (AH) calculated by
AIMD simulations because of quite different migration paths
at high temperature [20,55]. Upon compression, the migration
barrier energy increases from 0.26 eV at 0 GPa to 0.66 eV
at 100 GPa [Fig. 7(a)]. Pressure constrains Li* mobility by
narrowing the diffusion channels in Li,O. The same effect has
also been observed in LiFePO, and LisTisOj, at high pres-
sures [39,56]. The MSDs of Lit at 1700 K present significant
reducing with increasing pressure [Fig. 7(b)]. Over one order
of magnitude decrease in Li* diffusion coefficient is observed
as the pressure increases from 0 to 30 GPa (Fig. S8). Thus,
elastic stiffening effect under pressure can be intensified in a
superionic material due to the confinement of ionic mobility
with increasing pressure.

174105-7



YU HE, SHICHUAN SUN, AND HEPING LI

PHYSICAL REVIEW B 103, 174105 (2021)

IV. CONCLUSION

Superionic transition in Li,O takes places at temperatures
above ~1300 K. The highly diffusive Li* at high temperature
leads to significant local structure evolution, which brings
profound influence on the elasticity of Li,O. The calcu-
lated elastic properties using the AIMD method show quite
good consistency with previous experimental results, and the
anomalous softening of C;; was observed above ~1300 K.
Our results also suggest that anharmonic vibration due to
the high mobility of Li* is significant in Li,O before the
superionic transition. Therefore, the AIMD method is able to
describe the elasticity of materials with fast diffusion elements
accurately. In our future research, the ionic transport and
elastic properties of other lithium ceramics will be studied,
which is essential for these materials used in nuclear fusions

and energy storage devices. The lithium diffusion and elastic
properties of Li,O at high pressure and temperature are also
investigated by CINEB and AIMD simulations. We found
pressure has negative effects on Lit migration, and the elas-
tic stiffening behavior is enhanced in superionic Li,O with
increasing pressure.
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