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Interatomic potentials of LiAlO, were constructed by a simple and effective method. In this method, the
model function consists of multiple inverse polynomial functions with an exponential truncation func-
tion, and parameters in the potential model can be optimized as a solution of simultaneous linear equa-

tions. Potential energies obtained by ab initio calculation are used as fitting targets for model parameter
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28.52.Fa
34.20.Cf

61.43.Bn presented method.

optimization. Lattice constants, elastic properties, defect-formation energy, thermal expansions and the
melting point were calculated under the constructed potential models. The results showed good agree-
ment with experimental values and ab initio calculation results, which underscores the validity of the
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1. Introduction

Solid breeding materials are required to supply tritium ade-
quately and rapidly, and to be compatible with structural materi-
als. From these viewpoints, ternary lithium-containing oxides
such as Li,TiOs, LisSiO4 and LiAlO, are regarded as candidates.
However, the generation and annihilation behaviors of irradiation
defects in these materials, which should affect tritium release
behavior [1,2] and material properties [3], are not understood
sufficiently.

Classical molecular dynamics (MD) method is a powerful tech-
nique used to simulate displacement cascades in atomic scale,
which are difficult to observe by experiment. Construction of reli-
able potential models representing interaction between atoms is a
key step to acquire reasonable simulation results. In this study, we
therefore aimed to establish a construction method of a potential
model for ternary lithium oxides, which can be applied to irradia-
tion simulation in the future.

In general, a potential model can be created by defining a model
function based on physics consideration and then by adjusting
model parameters to reproduce experimental values such as lattice
constants. However, a potential model derived by this method
guarantees only motion of atoms near the ideal structure basically.
Hence, this method is not suitable to create a potential model em-
ployed in irradiation simulation.
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Alternatively, results of ab initio calculation have also been used
for a fitting target to which the potential model is fitted, coupled
with great development of the accuracy of ab initio calculation. It
is an advantage of this method that many fitting targets including
potential energies in heavily distorted structures, which could
emerge at high temperatures or in systems suffered irradiation
damage, are obtainable under constant conditions [4].

However, a larger number of fitting targets make fitting proce-
dures more difficult, mainly for two reasons. One reason is that it is
usually necessary to solve a nonlinear equation to optimize model
parameters. An obtained solution in a nonlinear equation is not
guaranteed to be the global minimum. Therefore, multiple trials
and errors are required. Even parameters having achieved a crite-
rion include an arbitrary nature; thus systematic discussion about
fitting error is difficult. The other reason is that it is fundamentally
difficult to obtain reasonable fitting to numerous targets using
simple model functions such as the Buckingham model, which
has been widely applied for ionic crystals. These two points must
be improved to create good potential models based on results of
ab initio calculation.

The construction method of a potential model in the present pa-
per has two features to solve the problems described above. One is
that model parameters can be determined uniquely as a solution of
simultaneous linear equations. The other is that the model function
enables extension of its own partial function space systematically.
In order to achieve these requirements, we utilized a model func-
tion comprising multiple inverse polynomial functions with an
exponential truncation function.

Potential models of LiAlO, were constructed to validate our
method. Because this material has relatively simple crystal
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structure and strong ionicity among ternary lithium-containing
oxides, even a pairwise potential model is expected to describe this
material acceptably. Hence, we regard this material is appropriate
for use as a test material.

The present paper is organized into four sections; in Section 2,
the construction method of potential models and the evaluation
method of constructed potential models are presented. Potential
energies evaluated using ab initio calculations were used as fitting
targets for model parameter optimization. We verify the effective-
ness of our methodology in Section 3 through comparison of mate-
rial properties evaluated by MD and molecular statics (MS)
simulation under constructed potential models with these experi-
mental values or ab initio calculation values. Furthermore, limita-
tions and shortcomings of the present model are discussed at the
end of Section 3. Finally, the paper is closed by Section 4 with con-
cluding remarks.

2. Method
2.1. Ab initio calculation

For fitting targets of our potential models, potential energies in
various distorted crystal structures were evaluated using the CA-
STEP code [5] of plane-wave pseudopotential DFT calculation with
the GGA-PBE functional [6]. Pseudopotentials implemented in the
CASTEP code were used. The energy cut-off and Monkhorst-Pack
grid for k-point sampling were set, respectively, to 380 eV and
5 x 5 x 4. The primitive cell (4 LiAlO,) under periodic boundary
conditions (PBC) was used as the unit cell. In the present paper,
the term “PBC” shall mean three-dimensional PBC. All calculations
were done in spin-restricted conditions.

Four types of distortion were adopted: (i) displacement of one
Li, Al or O ion along the x, y, or z axis (x and z axis for Li, x, and z
axis for Al, and x, y, and z axis for O, because of omissions of equiv-
alent displacements in light of the lattice symmetry); (ii) expan-
sion and contraction of the lattice constant (isotropic and
anisotropic changes of seven kinds); (iii) displacement of one ion
toward another ion (with short interatomic distance combinations
of 19 kinds); and (iv) mixture of (i) and (ii) (641 kinds). Each kind
of distortion had several different degrees of distortion. Conse-
quently, the number of structures used in calculations came to
2158 in all.

DFT calculation is also utilized to evaluate elastic properties and
the formation energy of a Li Frenkel pair in LiAlO,. The energy cut-
off and the k-point sampling grid were set as described above. In
determination of elastic properties, first, all coordinates of atoms
are re-optimized in a cell that is deformed according to a specific
strain tensor. Then, the corresponding stress tensor is obtained,
and elastic properties are determined from strain-stress relations,
as successfully applied to Li;O [7] or MgSiOs3 [8]. The formation en-
ergy of a Li Frenkel pair was evaluated by using 2 x 2 x 2 supercell
(32 LiAlO,) under PBC. These results were used in validation of
constructed potential models.

2.2. Potential model
We adopted a pairwise potential model for simplicity, with reli-

ance on high ionicity of LiAlO,. Our pairwise potential model be-
tween two ions is expressed as
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) =T exp(r) Y (o) 1)
n=Ngp

where g; and g, are effective charges, r (A) an interatomic distance,
and Ny, N and ay, (eV A" the smallest power, the number of inverse
polynomial functions, and the coefficient of each term, respectively.

The subscript k of U, and a, indexes atom-atom combination:
k=1, 2, 3, 4, 5 and 6 for Li-Li, Li-O, Li-Al, 0-0, 0-Al and Al-Al,
respectively. The Coulombic term was evaluated using Ewald sum-
mation technique [9], while the remaining terms were calculated
directly with the cut-off distance of 10 A. The remaining terms are
inverse polynomials of an interatomic distance, which have differ-
ent coefficients and which are multiplied by exp(—r) to improve
convergence to 0 over long distances.

The validity of potential models is fundamentally not guaran-
teed in regions where an interionic distance is shorter than that
in the structures of which potential energies were included in
the fitting targets. Therefore, the ZBL potential model [10], which
is suggested in atom/ion collision theory, was adopted for these re-
gions. The ZBL potential model is expressed as
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Here, Z;, Z; and ayon, are atomic number of atom i and j and Bohr
radius, respectively. The ZBL potential models and Eq. (1) were
connected by fifth-order inverse polynomials to conserve consis-
tency at the connection points up to the second derivative. The in-
verse polynomial is written as

5
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where by, is the coefficient of each term. The subscript k is the same
as in Eq. (1). Table 1 shows the connection radius between the ZBL
potential and fifth-order inverse polynomials (r,), and the connec-
tion radius between fifth-order inverse polynomials and Eq. (1)
(rg), as well as the minimum interatomic distance among all the
interatomic distances in all the structures included in the fitting tar-
gets (r,), and the minimum interatomic distance in the structure
optimized by ab initio calculation (r.) for each combination.

In Table 1, r; (2.30 A) is longer than r,, (2.09 A) for 0-O combi-
nation. When r; was set to be shorter than 2.30 A, the fifth-order
inverse polynomial took an extreme value between r, and ry,
although it is expected to decrease monotonically in this distance
range. Therefore, r; was set to 2.30 A with which no extreme value
was observed in the fifth-order inverse polynomial. Since the dif-
ference of the potential energy at 2.09 A between the original po-
tential model and the fifth-order inverse polynomial was 0.24 eV,
we regard that it is not so problematic.

Table 1

Connection radius between ZBL potential and fifth-order inverse polynomials (r,),
and the connection radius between fifth-order inverse polynomials and Eq. (1) (r4),
along with the minimum interatomic distance among all the interatomic distances
contained in the structures included in the fitting targets (r,) and the minimum
distance in the structure optimized by ab initio calculation (r.) for each combination.

12 (A) 15 (A) m (A) re (A)
Li-Li 0.50 1.40 2.10 3.06
Li-0 0.50 1.20 1.44 1.94
Li-Al 0.50 1.30 1.87 2.63
0-0 0.50 2.30 2.09 2.81
0-Al 0.50 1.20 1.19 1.73
Al-Al 0.50 1.60 1.91 3.08
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2.3. Fitting method

Fitting to the results of ab initio calculation is expressed as a
minimization problem of the square sum of fitting errors (F) writ-
ten as

F= i (B —E;M>2 = i (Eﬂ” Z

Tmy <Tcut

2
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where and E;,", respectively signify the potential energy evalu-
ated by ab initio calculation and the potential energy predicted
using the potential model in the same mth structure, r,,, \ an inter-
atomic distance of atom-atom combination k (k= 1, 2,3, 4,5 and 6
for Li-Li, Li-O, Li-Al, 0O-0, O-Al and Al-Al, respectively) in the mth
structure, ¢, the cut-off distance, and M the number of structures
used in calculations: 2158 in this study.

Treated as fitting parameters, q in Eq. (1) became larger than the
formal charge of each ion. Consequently, the results of Mulliken
population analysis [11] in the optimized LiAlO, structure were
adopted as fixed values of ionic charges: +0.7e for Li*, —1.1e for
02~ and +1.5e for AI3*, respectively. As the plane-wave basis set
is not a localized basis set, the CASTEP code projects the optimized
plane-wave states onto a Linear Combination of Atomic Orbitals
(LCAO) basis set in the population analysis. One may think that this
method has two problems. First, the results of population analysis
do not have sufficient physical background. Although there are
some calculation methods other than Mulliken population analysis
to estimate ionic charges such as Bader analysis [12], it is basically
difficult to obtain ionic charges with an adequate background by
any methodology. In the present work, we utilized the population
analysis for simplicity. It should be noted that as far as partial
charges were applied (e.g. +0.6e for Li*, —1.2e for 0>~ and +1.8e
for AI*"), the quality of created potential models was similar to that
described in the present paper, and was better than that of the full
charge model (+1e for Li*, —2e for 0%~ and +3e for AI**). Second,
population analysis result depends on structure. Nonetheless, we
consider that it is appropriate to use the values evaluated in the
optimized structure as representative values of the first approxi-
mation. This consideration would be supported by the fact that
the values in the optimized structures lie near the middle between
the maximum and the minimum values in all the structures of
which potential energies were used as the fitting targets (Table 2).

Furthermore, Ng and N were also predetermined to make the
minimization problem of F in Eq. (4) to be simultaneous linear
equations. Finally, an extreme value of F is given with a set of a,
that satisfies the following equation.

6 No+N-1 m_k <Tcut 1 Tr_i<Tcut 1
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Setting up Eq. (5) for all six (the number of atom-atom combi-
nations - Li-Li, Li-0, Li-Al, O-0, O-Al and Al-Al) x N combinations
gives 6N order simultaneous equations with respect to a set of ayy,.
A set of ay, is linearly independent and F diverges obviously to +oo
when an ay, diverges to +co. Moreover, it was confirmed that the

m=1 m=1

DFT
Em

Table 2
Effective charge of each atom obtained by population analysis of ab initio calculation.
Li (o] Al
Optimized (e) 0.70 -1.10 1.50
Maximum (e) 0.97 -0.62 1.88
Minimum (e) 0.37 -1.34 0.41

simultaneous equations were linearly independent. Therefore,
the obtained extreme value is expected to be the minimum value.
This model enables extension of the partial function space of the
model function systematically, by changing the number of inverse
polynomial functions. However, it should be noted that a parame-
ter set determined by this procedure depends on Ny and N, which
were predetermined so as to make the minimization problem to be
simultaneous linear equations. The influence of the pre-deter-
mined parameters will be discussed in Section 3.

2.4. Evaluation method of material properties

Using the obtained potential models, (i) lattice constants and
elastic properties (the elastic constants, the bulk modulus, Young’s
modulus and Poisson’s ratio by MS), (ii) formation energy of a Li
Frenkel pair (by MS), (iii) thermal expansion (by MD) and (iv) melt-
ing point (by MD) were calculated. Then, in comparison to DFT cal-
culation values obtained in the present research or reported
experimental values, the validity of potential models was checked.

The GULP code [13] was used for MS calculation. The primitive
cell (4 LiAlO;) under PBC was used as the system. The formation
energy of a Li Frenkel pair was evaluated by using 2 x 2 x 2 super-
cell (32 LiAlO,) under PBC.

The DL_POLY code [14] was used in the MD calculation. For
determination of the thermal expansion coefficients, a 5 x5 x 5
supercell (500 LiAlO,) was used under PBC. Each calculation was
conducted under Berendsen NPT [15] ensemble (anisotropic baro-
stat). The time step was set to 1 fs. After an equilibration run for
50 ps, a production run was performed for 150 ps at each
temperature.

The melting point was estimated by direct simulation of the li-
quid/solid interface [16]. The interface was constructed by combin-
ing two separate simulation cells of a solid structure and a liquid
structure, respectively, near an estimated melting point. Therefore,
the combined cell is a 5 x 5 x 10 supercell (1000 LiAlO,) having
the interface of (0 0 1) plane at the middle along [0 0 1] direction.
PBC was imposed on the system. The cell vectors were fixed at
the equilibrium values achieved in a solid simulation conducted
for determination of the thermal expansion coefficient described
above. Then, MD simulations were performed at 1900, 2000, and
2100 K under Berendsen NVT ensemble in order to check move-
ment of the interface. The temperature at which solid and liquid
structures coexist in balance is regarded as the melting point.

3. Results and discussion
3.1. Evaluation of optimized parameters

Initially, the effects of pre-determined parameter N on minimi-
zation of F were investigated. First, Np in Eq. (1) was set to 4. The
increase of F and improvement of elastic properties were observed
when Np = 3 was applied. On the other hand, when Ny = 5 was ap-
plied, decreased F and deterioration of elastic properties were ob-
served. Therefore, we applied No=4 because of the balance
between F and elastic properties in this study.

Fig. 1 shows the N dependency of F. The blue circle represents
the finally adopted parameter for this research. It is reasonable that
larger N caused smaller F because the partial function space
spanned by potential functions is expanded by the increase of N.
However, multiple extreme values were observed when N was lar-
ger than 7. Fig. 2 shows O-0 potentials in N=5, 6, and 7. No ex-
treme value was observed in N=5 and 6, although two were
observed in N = 7. The interaction of O-0 is strongly repulsive by
the Coulomb force. Therefore, monotonic decrease is expected in
this distance range.
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Fig. 1. N dependence of F.
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Fig. 2. 0-0 interatomic potentials with N=5, 6, or 7.

The observed extreme values were attributed to the fact that a
part of interaction that is expected to be described by many-body
interactions is expressed forcibly by pairwise potential, similarly to

the potential model obtained by Izvekov et al. [17]. By counting ex-
treme values and the effect to reduce F, N =6 was adopted in this
research. Note that improper extreme values at N=7 were ob-
served only in the O-0 potential. It is considered that interactions
involved with O ions are affected strongly by many-body interac-
tions because the directional 2p orbital mainly contributes.

From the previous discussion, we adopted the model parame-
ters of N=6 and Ny = 4. Under these conditions, a set of ay, in Eq.
(5) and by in Eq. (3) was obtained as given in Tables 3 and 4,
respectively. The interatomic potential curves are shown in
Fig. 3(a) and (b). Perpendicular lines represent the minimum inter-
atomic distances in the structure optimized by ab initio calculation
(re).

Fig. 4(a)-(c) show typical examples of fitting quality in distor-
tions of three kinds: (a) displacement of the Li1 atom along the x
direction, (b) isotropic lattice expansion and contraction, and (c)
displacement of O1 atom towards the Li2 atom (refer to Fig. 5
about the label of each atom). In addition to these three cases, sim-
ilar fitting qualities were achieved in all cases.

In the following, some material properties that were simulated
using the constructed potential model are verified.

3.2. Lattice constant and elastic properties

Table 5 shows lattice constants and elastic properties of MS cal-
culation under the constructed potential models, ab initio calcula-
tion and experiment. It is noted that the experimental values of
bulk modulus were evaluated from the experimental values of
elastic constants by using Voigt’s formula [21] in the present study.
Because the crystal lattice of LiAlO, is tetragonal, Voigt's formula
becomes the following expression:

K:%(ZC“ +2Cy3 +4C13 4+ Cs3) (6)
where K is the bulk modulus and Cj; the elastic constants.

In order to assess the fitting quality of potential models, agree-
ment of potential-model values with DFT values is more important
than that with experimental values, because the fitting targets
were the potential energies calculated by DFT in the present study.
Moreover, agreement with experimental values is usually acquired
when agreement with DFT values is achieved, because DFT values
basically give good agreement with experimental values, as shown
in Table 5. Hereafter, therefore, we mainly discuss agreement/dis-
agreement of potential-model values with DFT values.

Table 3

Optimized ay, (the parameters of the potential model described by Eq. (4)).
k 1(Li-Li) 2(Li-0) 3(Li-Al) 4(0-0) 5(0-Al) 6(AI-Al)
a4 (eV A%) 4521.76 3601.43 7046.13 —294593.48 —792.21 229744.63
as (eV A’) —29903.50 —23355.31 —41279.19 3207600.64 —2679.98 —1990630.59
s (eV A®) 78671.25 60000.90 92587.30 —14056775.34 19246.18 7008353.84
a7 (eV A7) —102207.73 —75546.45 —93483.34 30870104.82 —32506.78 —12450938.27
as (eV A®) 65407.83 46612.24 36821.62 —33833115.12 21760.98 11121900.42
ayo (eV A®) —16480.68 -11278.17 —1389.97 14745422.13 —4897.01 —3986404.96

Table 4

Optimized by, (the parameters of the potential model described by Eq. (2)).
k 1(Li-Li) 2(Li-0) 3(Li-Al) 4(0-0) 5(0-Al) 6(Al-Al)
bro (eV) -43.31 -101.16 147.48 -11.70 578.71 -175.77
bi1 (eV A) 189.25 467.36 —584.21 71.13 -2133.10 798.21
by (eV A?) —281.29 —868.50 933.82 —88.66 277212 -1193.18
bys (eV A3) 199.57 742.06 —690.32 67.09 —1647.36 857.57
bia (eV A%) —63.58 -279.69 254.69 -4.36 494.50 —248.36
bys (eV A°) 7.78 39.51 —35.68 —-1.61 —57.86 27.61
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Fig. 3. Constructed interatomic potentials: r, corresponds to the shortest distance
in the structure optimized by ab initio calculation for each combination.

In Table 5, some properties showed significant disagreement. As
examples, overestimation of Poisson’s ratios xy, xz, and underesti-
mation of zx were observed. This disagreement arose even under
the other potential models obtained with different pre-determined
parameters (see Section 3.1). Hence, it could result mainly from a
lack of many-body interactions in the present potential model, as
the importance of three-body forces has been confirmed for ter-
nary lithium oxides, e.g. LiNbO; [22]. Except this, most properties
such as the elastic properties and the lattice constants are compa-
rable between potential-model values and DFT values.

3.3. Defect-formation energy

The formation energy of a Li Frenkel pair was evaluated to be
3.07 and 2.92 eV by constructed potential models and DFT calcula-
tion, respectively. The two values showed good agreement.

When the defect is formed, some interatomic distances become
shorter than that of optimized structure. The appropriate result of
defect-formation energy can derive from the fact that fitting tar-
gets include potential energies in structures that contain shorter
interatomic distances, similar to circumference of interstitial
atoms, than that of the optimized structure.

3.4. Thermal expansion

Fig. 6 shows the temperature dependence of the expansion ratio
of a and c lattice constants. They were evaluated using MD from
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Fig. 4. Potential energy response of (a) Li1 atom displaced by —0.5-0.5 A along the x
direction, (b) isotropic lattice expansion and contraction by 98-103%, and (c) O1
atom displaced —0.25-0.25 A towards the Li2 atom.

the average values of lattice constants for 150 ps production run
after 50 ps equilibration run at each temperature. Table 6 shows
linear expansion coefficients evaluated from Fig. 6, together with
those evaluated experimentally. The calculation results are obtained
from the slope of least-square fitted straight line over 0-2600 K.
The calculated values are comparable to the experimental values.
In most potential models that were constructed with different
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Table 5
Lattice constants and elastic properties. PM and DFT indicate values evaluated under
the constructed potential model and ab initio calculation, respectively.

PM DFT Exp.

Lattice constant (A) a 5.12 5.12 5.17 [18]
c 617 618 626 [18]

Elastic constant (GPa) Ci 1284 158.0 173.2[19], 161.8 [20]
Cw 762 617  26.1[19], 74.1 [20]
G 888 650  48.8[19], 73.9 [20]
Eg 2036 1772  176.2 [19], 194.7 [20]
Cas 502 686  64.3[20]
G 543 660  35.5 [20]

Bulk modulus (GPa) 1009 97.0  85.6[19], 106.9 [20]

Young’s modulus (GPa) X, Y 74.0 1234 -
Z 126.6 138.7 -

Poisson’s ratio xy,yx 0418 0.282 -

xz,yz 0434 0263 -
zX, zy 0254 0296 -

1.08 | . ]
m _

1.06 . ¢ ; |
2 E
S o4l ot 1
= e® o
o '=...
g Loz} ..il“.' ]
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S 100 ws9®?® E ]
4 .
= !
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Temperature / K

3000
Fig. 6. Temperature dependence of the expansion ratio.

pre-determined parameters (see Section 3.1) and had a small fit-
ting error, the thermal expansions were well predicted. The high

Table 6
Linear expansion coefficient.

Lattice PM  Exp.

1.5 [18], 1.7 [23]
0.7 [18], 1.0 [23]

Linear expansion coefficient (10> K™') a 1.3
© 14

accuracy of MD simulation at high temperatures can result from
the fact that potential energies of structures in which atoms are
largely displaced were added to fitting targets, because interatomic
distances vary strongly at high temperatures.

From the discontinuity of thermal expansion ratio, the melting
point can be guessed to be 2700 K in Fig. 6. However, this evalua-
tion method usually overestimates the melting point because of a
nucleation barrier to melting derived from liquid/solid interface
energy [24]. A more appropriate method to determine the melting
point suggested firstly by Ladd and Woodcock [25] is applied in
Section 3.5.

3.5. Melting point

Fig. 7(a)-(c) show the atomic configurations of the system of
5 x 5 x 10 supercell, which initially had the solid/liquid interfaces
of (0 0 1) plane at the edge and the middle along [0 0 1] direction.
These snapshots were acquired after MD simulation of 1 ns at
1900, 2000 and 2100 K. Fig. 7(a) and Fig. 7(c) have no solid-liquid
interface because the systems totally became solid and liquid,
respectively. On the other hand, Fig. 7(b) still has the solid-liquid
interfaces represented by the yellow dashed lines. Therefore, the
melting point is indicated at around 2000 K. In case that the initial
solid/liquid interfaces were (1 0 0) plane at the edge and the mid-
dle along [100] direction in 10 x 5 x 5 supercell, the melting
point was also determined to be around 2000 K.

Even in this method, a little overestimation of the melting point
was observed since the experimental value of the melting point
ranges between 1953 and 1993 K [18]. However, the overestima-
tion is reasonable because thermally induced defects are not fully
included in simulation and the volume of simulation cell having
the solid/liquid interfaces was fixed at the equilibrium value of
the solid state. Therefore, we considered that the simulation result
was appropriate. As discussed in Section 3.4, proper simulation re-
sults in high temperatures can result from the fact that structures
in which atoms are largely displaced were taken into account in
the model construction.

3.6. Limitations and room for improvement in the present method

The validity and effectiveness of the present method were dem-
onstrated through creation of potential models for LiAlO,. How-
ever, some limitations, which should be improved, appeared.

First, the potential model that had the smallest fitting error did
not always give material properties of the smallest error. This is be-
cause the fitting quality of potential energies in response to small
distortions, which is important for evaluation of elastic properties,
lessens, when we added potential energies of strongly distorted
systems into fitting targets in order to achieve a good behavior at
high temperatures. Namely, the accuracy of high-temperature
properties such as thermal expansion and melting point was prone
to be a trade-off with that of static properties such as elastic prop-
erties. This kind of trade-off is caused by that the model function
cannot adequately reproduce potential energy responses for small
and strong distortions simultaneously. Therefore it may be solved
by sophisticating the model function.

There are some possible improvement ways in this line. One is
inclusion of three-body interactions into Eq. (1) because contribu-
tion of three-body interaction is expected in LiAlO,, in analogy
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Fig. 7. Atomic configurations of the system after MD simulation for 1 ns at (a) 1900, (b) 2000 and (c) 2100 K. Green balls are Li, blue Al and red O. The yellow dashed lines in
(b) indicate the solid-liquid interfaces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with LiNbOs [22] as mentioned in Section 3.2. Another is combina-
tion with a variable-charge model [26]. As shown in Table 2, while
“Optimized” values that are the results in the optimized LiAlO,
structure were adopted as fixed in this research, they changed sub-
stantially under distorted conditions. Therefore, combination with
a variable-charge model could be effective to improve our poten-
tial models.

Another shortcoming is that too large N (too many terms) in Eq.
(1) causes improper extreme values in a potential as showed in
Fig. 2. There are two possible reasons about this. One reason is
again the absence of many-body interactions. A part of interaction
that is expected to be described by many-body interactions could
be expressed forcibly by pairwise potential as mentioned in Sec-
tion 3.1. Therefore, inclusion of three-body interactions can relieve
the problem. Combination with a variable-charge model may be
effective as well. The other reason is the shortage of fitting targets
in comparison with the number of parameters (degree of freedom)

in Eq. (1). In this case, in addition to increase of fitting targets,
selection method of effective fitting targets should be constructed.

Although these limitations remain, the present model success-
fully created a potential model for LiAlO,. This result could be from
the high ionicity of LiAlO,. For application to other candidate
breeders, especially for Li-Si-O systems where covalent interac-
tion is expected to emerge strongly, addition of many-body inter-
actions would be needed.

4. Conclusions

A method to construct interatomic potentials of which the opti-
mized parameters are obtainable as a solution of simultaneous lin-
ear equations was presented. Potential models of LiAlO, were
constructed. Consequently, the validity of our method was indi-
cated through MS and MD simulation on material properties of
LiAlO,. This method can be applied to other Li-containing oxides,
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although there are some limitations of the present model related to
selection of fitting targets, ionic charges and effects of many-body
interactions.
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