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The lattice-inversion embedded-atom-method interatomic potential developed previously by us is extended to

alkaline metals including Li, Na, and K. It is found that considering interatomic interactions between neighboring atoms

of an appropriate distance is a matter of great significance in constructing accurate embedded-atom-method interatomic

potentials, especially for the prediction of surface energy. The lattice-inversion embedded-atom-method interatomic

potentials for Li, Na, and K are successfully constructed by taking the fourth-neighbor atoms into consideration. These

angular-independent potentials markedly promote the accuracy of predicted surface energies, which agree well with

experimental results. In addition, the predicted structural stability, elastic constants, formation and migration energies

of vacancy, and activation energy of vacancy diffusion are in good agreement with available experimental data and

first-principles calculations, and the equilibrium condition is satisfied.
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1. Introduction

It has been reported that the fracture studies of

quasicrystals require samples with at least several mil-

lion atoms[1] and diffusion studies require simulation

times at the nanosecond scale.[2] Such large sizes and

long simulation times in the simulation of molecu-

lar dynamics are achievable only with classical inter-

atomic potentials since ab initio simulations are lim-

ited to a few hundred atoms and a picosecond time

scale.[3] However, the high fidelity of atomistic simu-

lations is based on the exact description of interatomic

interactions in materials. It, therefore, is desirable to

extract accurate interatomic potentials directly from

first-principles calculations. Although it is very diffi-

cult, Carlsson et al.[4−6] and Chen et al.[7−15] have

successfully generated an interatomic pair-potential

model from the energy curves calculated by using the

density functional theory (DFT).

It is well-known that a pair-potential model

causes some incorrect predictions,[16] such as a zero

value for the Cauchy discrepancy (c12−c44 = 0 for cu-

bic crystals) and equivalence between cohesive energy

and formation energy of unrelaxed vacancy, due to its

internal deficiency, which fails to describe the depen-

dence of bond energy on the local bonding environ-

ment. Since the 1980s, a variety of interatomic many-

body potentials, which distinctly or implicitly describe

the impact of other bonds on the strength of one bond,

have been derived from fundamental considerations or

by empirical methods, such as the embedded-atom-

method (EAM) potential[17,18] and the N-body (or

F–S) potential[19] for metallic systems, as well as the

Stillinger-Weber potential,[20] the Tersoff potential,[21]

and the bond-order potential[22] for covalent materi-

als. Among them, the EAM formalism has drawn the

most extensive attention and effort from the physical

community.

In earlier studies,[18,23−28] all or most of the func-

tions constituting the EAM potential are parameter-

ized by prechoosing analytic forms containing poten-

tial parameters, which are fitted to the experimental

values of equilibrium lattice parameter, cohesive en-

ergy, three elastic constants, and unrelaxed vacancy

formation energy. For a noncubic material, this data

set includes additional elastic constants and equilib-

∗Project supported by the National Basic Research Program of China (Grant No. 2011CB606401).
†Corresponding author. E-mail: xjyuan10@foxmail.com

© 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

053401-1



Chin. Phys. B Vol. 21, No. 5 (2012) 053401

rium axial ratio. Since these experimental properties

represent the behaviour of materials in the immediate

vicinity of an equilibrium crystal configuration in con-

figuration space, the EAM potential generally gives a

poor prediction of properties and even produces inac-

curate forces during the molecular dynamics simula-

tions for a larger range in configuration space.

In order to improve accuracy and transferability, a

cubic spline-based EAM potential[3,29−34] was further

developed by using first-principles calculations. All

functions constituting the EAM potential are param-

eterized by cubic splines. The spline knots are fitted to

a large number of forces on individual atoms, energy

per atom, and stress, which are calculated by using

DFT at different temperatures for a large number of

atomic configurations with different geometries (such

as defects, adatoms and surfaces, slabs, layers, atomic

chains, clusters, molecules, crystals with a variety of

structures, and liquids), and experimental data. How-

ever, performing computations on a very large number

of forces, energy, and stress is very time-consuming.

Four years ago, Baskes et al.[35] proposed a new

method for building the modified embedded-atom-

method (MEAM)[36] potential based on the ab initio

reference database. Almost all the MEAM functions

can be determined by the multistate, which includes

reference structures and reference paths, and thus this

potential model was named multistate MEAM (MS-

MEAM). The metal Cu was chosen as an example

and extensive predictions of the MS-MEAM potential

were made. However, some of the results were not

quantitatively consistent with experiment data. It is

not clear whether this disagreement is due to a defi-

ciency in the MS-MEAM formalism or in the ab initio

reference database.

Recently, following Baskes, some authors[37] have

presented a physically reliable universal method of

acquiring atomic electron density (AED) and pair-

potential functions in the EAM formalism from first-

principles calculations by using the Chen–Möbius lat-

tice inversion.[7,8] By parameterizing the universal

form of embedding energy-electron density curves in

homogeneous electron gas as the embedding function,

a new procedure is developed for building the EAM

interatomic potential for metals with fcc, bcc, and

hcp structures. On the basis of first-principles cal-

culations, this new version of the EAM potential,

named the lattice-inversion embedded-atom-method

(LI-EAM) potential, eliminates all the prior arbi-

trary choices in the determination of AED and pair-

potential functions, and minimizes the arbitrariness

that generally exists in the construction of almost all

the interatomic potentials.

Up to now, there have been only a few classical

interatomic potentials for alkaline metals, and they

are not satisfactory. With the MEAM potential[36]

as an example, the predicted order of low-index sur-

face energy among Li, Na, and K metals is not

consistent with experimental information.[38,39] The

low-index surface energies predicted with the AEAM

potnetial[40] and the MAEAM potential[41] for alka-

line metals are much smaller than experimental data.

In addition, the alkali metals are of special inter-

est for comparison with different theoretical models

in condensed matter physics, particularly because of

their simple electronic structure with only one conduc-

tion electron outside the closed-shell configurations.

Therefore, it is necessary to construct accurate inter-

atomic potentials for alkaline metals.

It is the purpose of this paper to extend the LI-

EAM interatomic potential to alkaline metals includ-

ing Li, Na, and K. We find that interatomic inter-

actions between neighbor atoms at appropriate dis-

tances play a key role in constructing accurate EAM

potential, especially for the prediction of surface en-

ergy. The constructed angular-independent potentials

remarkably improve the accuracy of predicted surface

energies, which agree very well with the experimental

data.

In addition, we introduce how to apply the Chen–

Möbius lattice inversion to obtain AED and pair-

potential functions. We also describe the way to calcu-

late the background electron density by using DFT to

obtain the AED function by using the Chen–Möbius

lattice inversion. In Section 4, we construct the LI-

EAM potentials for Li, Na, and K. Next, these poten-

tials are employed to predict the basic properties of

Li, Na, and K to verify their reliability. Finally, we

end with a conclusion.

2. Methodology

Daw[42] has shown that the form of the EAM func-

tion of a monatomic material directly follows DFT.

In the J th-neighbor model (JNM) considering inter-

atomic interactions up to the J th-neighbor atoms, the

cohesive energy per atom of a monatomic crystal is

given in the following EAM formalism:

E = F (ρ) +
1

2

J∑
m=1

Z0(m)ϕ(rm), (1)
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ρ =
J∑

m=1

Z0(m)f(rm), (2)

where F (ρ) is the embedding energy, ϕ(r) is the pair

potential, ρ is the background electron density of a

reference atom contributed by all other atoms, f(r)

is the AED distribution, rm is the distance between

the mth-neighbor atoms and the reference atom at the

origin, and Z0(m) is the number of the mth-neighbor

atoms.

There is no doubt that a physically reliable

method of the acquiring three basic functions, F (ρ),

ϕ(r), and f(r), is very important for constructing ac-

curate EAM potentials. Let us begin with the embed-

ding function F (ρ).

Banerjea et al.[43] deduced the universal form of

embedding energy-electron density curves calculated

within the density-functional scheme for homogeneous

electron gas, which were made by Puska et al.[44] and

Scott et al.[45] As an approximate modification caused

by the heterogeneity of electron gas in the vicinity of

the reference atom due to all other atoms, we param-

eterize this universal form

F (ρ) = −F0[1− n ln(ρ/ρe)](ρ/ρe)
n (3)

as the embedding function in the EAM formalism.

Here the fitting parameters F0 and n represent the

parametrization, and ρe takes the equilibrium value of

the background electron density of a reference struc-

ture (i.e., bcc structure for the alkaline metals)

ρe =
J∑

m=1

Z0(m)f(rme), (4)

where rme is the distance between the m-th neighbor

atoms and the reference atom at the equilibrium ref-

erence structure.

When the uniform expansion or contraction of

crystal occurs, Eqs. (1) and (2) become

E(r) = F [ρ(r)] +
1

2

J∑
m=1

Z0(m)ϕ(d0(m)r), (5)

ρ(r) =

J∑
m=1

Z0(m)f(d0(m)r). (6)

Thus,

2{E(r)− F [ρ(r)]} =
J∑

m=1

Z0(m)ϕ(d0(m)r). (7)

Here r is the first-neighbor distance under homoge-

neous deformation, and d0(m) is the ratio of the mth-

neighbor distance to the first-neighbor distance. We

extend the set {d0(m)} into a multiplicative semi-

group {d(m)} so that, for any two integers i and j,

there always exists an integer k satisfying

d(i)d(j) = d(k). (8)

Therefore, equations (6) and (7) are equivalent to the

following equations:

ρ(r) =

+∞∑
m=1

Z(m)f(d(m)r), (9)

2{E(r)− F [ρ(r)]} =
+∞∑
m=1

Z(m)ϕ(d(m)r), (10)

with

Z(m) =

Z0(d
−1
0 [d(m)]),

0,

d(m) ∈ {d0(m)},
d(m) /∈ {d0(m)}.

(11)

According to the Chen–Möbius lattice

inversion[7,8] the atomic electron density and pair-

potential functions can be expressed as follows:

f(r) =

+∞∑
k=1

I(k)ρ(d(k)r), (12)

ϕ(r) = 2

+∞∑
k=1

I(k){E[d(k)r]− F (ρ[d(k)r])}, (13)

where I(k), the generalized Möbius function or the

inversion coefficient, can be written as∑
d(k)|d(m)

I(k)Z

(
d−1

[
d(m)

d(k)

]
r

)
= δm1. (14)

The background electron density ρ(r) in Eq. (12)

and the cohesive energy per atom E(r) in Eq. (13) can

be obtained directly from first-principles calculations.

The latter can also be derived from the universal equa-

tion of state by Rose et al.[46] since it is, to a certain

extent, based on ab initio calculations[4,47,48] and ex-

perimental observations,[49−53] i.e.,

E(r) = −Ec[1 + r∗ − f∗
3(r

∗)3] exp(−r∗), (15)

with

r∗ = η(r/r1e − 1), (16)

η =
√

9ΩeB/Ec, (17)

where f∗
3 = −0.05, Ωe is the equilibrium atomic vol-

ume, B is the bulk modulus, and Ec is the sublimation

energy.

Although f∗
3 in Eq. (15) equals −0.05 from the

thermal expansion of Cu, this value is considered to
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be suitable for almost all metals in the calculations

on the derivative of bulk modulus with pressure in

Ref. [46]. This was also noticed by Li et al.[54] and

the calculated data on the pressure derivative of bulk

modulus were used by Wadley et al.[55]

Obviously, the model parameters F0 and n in

Eq. (3) are physically demanded to be capable of

fitting to the Cauchy discrepancy purely rooting in

many-body interactions. In the EAM formalism, the

elastic constants at equilibrium are given by[18]

Ωecijkl = Bijkl + F ′(ρe)Wijkl + F ′′(ρe)VijVkl, (18)

where Bijkl, Wijkl, and Vij take the following forms:

Bijkl =
1

2

J∑
m=1

Z0(m)∑
l=1

r
(l)
mi er

(l)
mj er

(l)
mk er

(l)
ml e

(rme)
2

×
[
ϕ′′(rme)−

ϕ′(rme)

rme

]
,

Wijkl =

J∑
m=1

Z0(m)∑
l=1

r
(l)
mi er

(l)
mj er

(l)
mk er

(l)
ml e

(rme)
2

×
[
f ′′(rme)−

f ′(rme)

rme

]
, (19)

Vij =
J∑

m=1

Z0(m)∑
l=1

r
(l)
mi er

(l)
mj e

rme
f ′(rme), (20)

where r
(l)
mi e is the i -th component of the position vec-

tor from the reference atom to the l -th atom of the

m-th neighbor atom at equilibrium. Moreover, the

Cauchy discrepancy for cubic metals is expressed as

c12 − c44 = (V11)
2F ′′(ρe)/Ωe. (21)

According to Eqs. (3) and (21), F0 and n are physically

required to satisfy the following equation of model pa-

rameter for cubic metals:

Ωe(c12 − c44) =
(V11)

2

ρ2e
n2F0. (22)

This indicates that F0 can be expressed in terms of n,

and n can be determined by fitting to the structural

energy difference, such as Efcc–Ebcc for Li, Na, and K.

Note that the so-called “JNM” implies that the

cutoff distance rc can be expressed as

rc = rJe + kc(r(J+1)e − rJe) , 0 < kc < 1, (23)

where kc is an adjustable parameter. To a certain ex-

tent, the value of kc may be able to contribute to the

structural stability. In the 4th-neighbor model (4NM),

the values of kc are listed in Table 1 for Li, Na, and K.

Moreover, ϕ(r) and f(r) are truncated at rc as carried

out by Baskes.[56]

Table 1. The potential parameters of the LI-EAM potentials for Li, Na, and K.

Metal JNM n F0/eV f e/10−3 Å−3 β kc

Li 4NM 0.2997 1.073446 1.196274 5.07648 0.15

Na 4NM 0.4074 0.585021 0.530026 6.23427 0.15

K 4NM 0.3988 0.536168 0. 231400 7.42667 0.15

For convenience, such a new type of EAM poten-

tial with atomic electron density and pair-potential

functions obtained by the Chen–Möbius lattice inver-

sion, is called the lattice-inversion embedded-atom-

method (LI-EAM) potential.

3. Calculation of background

electron density

The background electron density ρ for Li, Na, and

K can be calculated with the help of a 2×2×2 super-

cell, as shown in Fig. 1, which is constructed by stack-

ing eight conventional cells to a parallelepiped where

the reference atom at the central site C is taken out.

We calculate the electron density distribution for

the periodic system, which is formed by the transla-

tion of a supercell, by using the generalized gradient

approximations (GGA) implemented in the CASTEP

code.[57] The norm-conserving pseudopotentials for

Li, Na, and K are used in this work. The plane-

wave basis sets with the cutoff energies of 450 eV

for Li metal, 700 eV for Na metal, and 400 eV for

K metal are applied. The k-mesh points in the irre-

ducible Brillouin zone are generated with parameters

3×3×3 for Li metal, 2×2×2 for Na and K metals by

the Monkhorst–Pack scheme.[58] The energy tolerance

for self-consistent field convergence is 2×10−6 eV per

atom for all the calculations.
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C

Fig. 1. The 2×2×2 supercell for calculation of the back-

ground electron density for Li, Na, and K alkaline metals.

It should be emphasized that the electron den-

sity at the central site C in the supercell is the back-

ground electron density to be calculated. We display

the calculated background electron density under ho-

mogeneous deformation in Fig. 2(a) for Li metal, 2(b)

for Na metal, and 2(c) for K metal. The atomic vol-

ume ranges about from half to twice of the equilib-

rium value. It is shown that the background electron

density decreases exponentially with increasing first-

neighbor distance, i.e.,

ρ(r) = ρe exp

[
− λ

(
r

r1e
− 1

)]
, (24)

where r is the first-neighbor distance under homoge-

neous deformation, and the values of ρe and λ for Li,

Na, and K metals are listed in Table 2.
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Fig. 2. (colour online) The background electron density calculated under homogeneous deformation for (a) Li

metal, (b) Na metal, and (c) K metal.

Table 2. The input parameters for Li, Na, and K metals.

Metal ρe/10−2Å−3 λ a/Å Ec/eV B/GPa c12 − c44/GPa Efcc − Ebcc/eV per atom

Li 1.3276204 5.78665 3.5092a) 1.63b) 12.127c) 2.66c) 0.021d)

Na 0.55282759 6.81035 4.2906a) 1.113b) 6.61c) 2.03c) 0.036d)

K 0.23020576 7.90493 5.32a) 0.934b) 3.3267c) 1.26c) 0.028d)

a)Ref. [59], b)Ref. [60], c)Ref. [61], d)Ref. [27].

Table 3. The calculated background electron densities for 2×2×2 supercell compared with that for 3×3×3

supercell.

Metal Supercell r/re ρe/Å−3 Difference/%

2×2×2 (including 15 atoms) 1.00 0.0133
Li

3×3×3 (including 53 atoms) 1.00 0.0135
1.5

2×2×2 (including 15 atoms) 1.00 0.00553
Na

3×3×3 (including 53 atoms) 1.00 0.00535
3.2

2×2×2 (including 15 atoms) 1.00 0.00230
K

3×3×3 (including 53 atoms) 1.00 0.00227
1.3

Finally, we compare the calculated background

electron densities for the 2×2×2 supercell with that

for the 3×3×3 supercell, as shown in Table 3. We

find that the differences between both of them for

Li, Na, and K metals are all less than 5%. Accord-

ing to Eq. (3), we deduce that the difference of em-

bedding energy, which is caused by the difference of

background electron density, is less than 10−3 eV.

Almost all the values of basic properties such as co-

hesive energy, structural energy difference, formation

and migration energies of vacancy, activation energy

of vacancy diffusion, surface energy, and latent heat of
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melting, are about 101–10−3 eV. Therefore the 2×2×2

supercell is large enough so that it behaves, to a cer-

tain extent, in the same way as an infinitely large host

consisting of all atoms except for the reference atom in

the crystal. In fact, the atoms around the central site

C up to the fifth neighbor for Li, Na, and K metals

are perfectly included in the periodic system.

4. Acquisition of interatomic po-

tential

The input parameters for the construction of the

LI-EAM potentials are listed in Table 2 for Li, Na,

and K metals. In the present work, for simplicity,

E(r) in Eq. (13) is represented by the universal func-

tion (Eq. (15)) instead of being obtained directly from

first-principles calculations.
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Fig. 3. (colour online) The inverted atomic electron den-

sity curves in 4NM for (a) Li metal, (b) Na metal, and (c)

K metal.

The atomic electron density function can be ob-

tained by the Chen–Möbius lattice inversion, as shown

in Eq. (12). In 4NM, for instance, the inverted atomic

electron densities for Li, Na, and K metals are pre-

sented in Fig. 3. The calculated results represented

by the solid curves obey the following exponential de-

cay function:

f(r) = fe exp

[
− β

(
r

r1e
− 1

)]
, (25)

where the values of fe and β for Li, Na, and K metals

are listed in Table 1.
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Fig. 4. (colour online) The structural energy difference

Efcc − Ebcc versus the model parameter n calculated by

4NM for (a) Li metal, (b) Na metal, and (c) K metal.

Given a value of the model parameter n, the

model parameter F0 can be determined with Eq. (23)

and the pair-potential function can be obtained with

Eq. (13). Consequently, the structural energy differ-

ence can be calculated by using the LI-EAM potential.
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We find that the structural energy difference varies

monotonously with the model parameter n. Thus,

the model parameters F0 and n can be determined

as follows.

r/r1e
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Fig. 5. The inverted pair potentials in 4NM for (a) Li

metal, (b) Na metal, and (c) K metal.

Take 4NM as an example, the dependence of the

structural energy difference Efcc − Ebcc on the model

parameter n for Li, Na, and K metals are displayed

in Fig. 4. In Fig. 4(a), curve I shows that the model

parameter n corresponding to a structural energy dif-

ference of 0.021 eV per atom for Li metal from Table

2, is in a range of 0.25–0.3, the curve II indicates that

the model parameter n is in a range of 0.29–0.3, curve

III further demonstrates that the model parameter n

is in a range of 0.299–0.3, and curve IV eventually

confirms that the model parameter n is 0.2997 for Li

metal. According to the values of Efcc − Ebcc in Ta-

ble 2, in the same way as above, we have eventually

confirmed that the values of n are 0.4074 and 0.3988

for Na and K metals, respectively. From Eq. (23),

the corresponding values of the model parameter F0

are 1.073446, 0.585021, and 0.536168 eV for Li, Na,

and K metals, respectively. Consequently, the corre-

sponding pair-potential functions can be obtained by

Chen–Möbius lattice inversion expressed by Eq. (13),

and are presented in Fig. 5.
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Fig. 6. (colour online) The (110) surface energies cal-

culated by various reasonable neighbor models for (a) Li

metal, (b) Na metal and (c) K metal.

Finally, we have investigated in detail the impacts

of different neighbor models (from 2NM to 9NM) on

the basic properties. We find that the impacts are

very complicated. Whatever the value of model pa-

rameter n is in an adjustable range, structural insta-

bility always occurs in 7NM for Li, Na, and K metals.

Fitting to the value of the structural energy difference
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Efcc−Ebcc in Table 2 is carried out at the cost of los-

ing good descriptions of other properties in 6NM and

8NM for Li metal, in 9NM for Na metal, and in 6NM

and 9NM for K metal. The discrepancy of the calcu-

lated surface energies for reasonable neighbor models

is significant and the (110) surface are shown in Fig. 6

as an example. The results indicate that 4NM is the

most suitable for Li, Na, and K metals.

As stated above, we have constructed the LI-EAM

potentials for Li, Na, and K metals, and their po-

tential parameters are listed in Table 1. As we ex-

pected, these potentials can perfectly reproduce the

values of the input parameters a, Ec, B, c12−c44, and

Efcc − Ebcc in Table 2.

5. Prediction of basic properties

and discussion

Above all, we calculate the surface energy as a

response to the introduction in Section 1. The low-

index surface energies predicted by the LI-EAM po-

tentials constructed here and with first-principles,[62]

and the experimental polycrystalline average values[63]

are presented in Table 4 for Li, Na, and K. Since

there is only indirect comparison between experimen-

tal results and the present calculations, some calcula-

tions with other potentials[36,40,41] are also displayed

in this table, where the underlined values are relaxed.

Foiles[64] proved that the relaxation would only result

in a minor reduction to the surface energy and would

not markedly affect the calculation results. Therefore,

we only calculate the unrelaxed surface energy as one

did in Refs. [19], [25], [36], [65], and [66].

In general, the surface energies calculated with

angular-independent potentials such as FBD-EAM,[23]

AEAM,[25,40] FM-EAM,[33,34] MAEAM,[41,67−70] F–

S,[71] LREPm,[65] and PFP[66] are much smaller

than experimental data. It is encouraging that the

angular-independent LI-EAM potentials constructed

here drastically improve the accuracy of the predicted

surface energies, which match well with experimental

results.

Table 4. The low-index surface energies predicted by various potentials and first-principles and the relevant

experimental data.

Method
Li/mJ·m−2 Na/mJ·m−2 K/mJ·m−2

(111) (100) (110) (111) (100) (110) (111) (100) (110)

LI-EAM 507 482 507 302 287 286 148 142 139

Expt.a) 520f) 260f) 145f)

ab initiob) 590 522 556 287 264 253 152 142 135

AEAMc) – 282 231 – 154 138 – 97 88

MAEAMd) 264 215 203 162 138 127 106 92 83

MEAMe) 279 431 202 202 288 169 125 182 110

a)Ref. [63], b)Ref. [62], c)Ref. [40], d)Ref. [41], e)Ref. [36], f)average value

It must be pointed out that, as shown below, the

drastic promotion of surface energy does not require

unrealistic high values of vacancy formation energy. It

is noteworthy that the surface energies of (111), (100),

and (110) surfaces, which are predicted with the LI-

EAM potentials in 3NM, are 303, 272, and 266 mJ/m2

for Li metal, 180, 160, and 158 mJ/m2 for Na metal,

and 93, 86, and 81 mJ/mm2 for K metal. The pre-

dicted results are close to the experimental results to

the same extent as that with MAEAM,[41] where in-

teratomic interactions were also considered up to the

third-neighbor atoms. This indicates that the promo-

tion of surface energy is mainly due to the considered

interatomic interactions up to neighbor atoms of ap-

propriate distance, such as the fourth neighbor atoms

for Li, Na and K metals. Moreover, the drastically

promoted accuracy of the predicted surface energy is

also found by using the LI-EAM potentials for Fe,[37]

V, Nb, and Ta metals.

From Table 4, it can be seen that the surface en-

ergies predicted in this paper are the closest to exper-

imental results among all angular-independent poten-

tials, and are close to experimental results to the same

extent as that calculated with angular-dependent

MEAM potentials. However, the (111) surface ener-

gies predicted with MEAM potentials are smaller than

the predicted (100) surface energies, which is contrary

to the experimental information.[38,39] Furthermore, it
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has been reported[33,35,72−74] that angular-dependent

potentials are much slower than angular-independent

potentials in a MD simulation.

The point defect closely relates to the atom mi-

gration in materials and plays an important role in

diffusion. By using the LI-EAM potential, it is very

easy to calculate the formation and migration energies

of a vacancy. The activation energy for self-diffusion

by the vacancy mechanism is the sum of the forma-

tion and migration energies. The migration energy

for a vacancy is the energy difference between atoms

at the saddle point and the equilibrium site as an

atom moves from the crystal site to the nearest vacant

site. Table 5 displays the LI-EAM potential results,

first-principles calculations,[80,81] and experimental

measurements[76−79,82−85] of the formation and mi-

gration energies of vacancy and activation energy of

vacancy diffusion for Li, Na, and K. Owing to the dis-

persivity of experimental data of vacancy formation

energy, some results with other potentials[36,40,41,75]

are also listed in this table, where the values denoted

by an asterisk are used for fitting to their potential

parameters and underlined values are relaxed. As

one did in other literatures,[19,25,36,66] we only calcu-

late the unrelaxed vacancy-formation energy since the

relaxation results in only a minor reduction to the

vacancy-formation energy and does not markedly af-

fect the calculation results.[35,40,41,67−70,86] From this

table, it can be also seen that the predicted formation

and migration energies of vacancy and the activation

energy of vacancy diffusion are in satisfactory agree-

ment with the experimental data or first-principles

calculations.

Table 5. The predicted formation energy Ef
1v and migration energy Em

1v of vacancy and activation energy Qa
1v

of vacancy diffusion in comparison with the experimental data and calculation results with other potentials.

Metal Ef
1v/eV Em

1v/eV Qa
1v/eV Method

0.56 0.021 0.58 LI-EAM

0.334e);0.48f);0.57g) 0.038f) 0.52h) Expt.

0.53i) 0.055i);0.073j) ab initio

Li 0.42∗(0.40) 0.11 0.53(0.51) AEAMa)

0.34∗ – – MEAMb)

0.414∗(0.336) 0.131 0.545(0.467) MAEAM1c)

0.48∗ 0.0361 0.516 MAEAM2d)

0.53 0.082 0.61 LI-EAM

0.271k);0.34f);0.46l) 0.03f) Expt.

0.34i) 0.054i);0.076j) ab initio

Na 0.38∗(0.36) 0.09 0.47(0.45) AEAMa)

0.42∗ – – MEAMb)

0.360∗(0.297) 0.100 0.460(0.397) MAEAM1c)

0.34∗ 0.035 0.375 MAEAM2d)

0.40 0.070 0.47 LI-EAM

0.34f);0.4m);0.42n) 0.038f) Expt.

0.30i) 0.051i);0.070j) ab initio

K 0.38∗(0.36) 0.09 0.47(0.45) AEAMa)

0.42∗ – – MEAMb)

0.360∗(0.296) 0.097 0.457(0.393) MAEAM1c)

0.34∗ 0.052 0.392 MAEAM2d)

a)Ref. [40], b)Ref. [36], c)Ref. [41], d)Ref. [75], e)Ref. [76], f)Ref. [77], g)Ref. [78], g)Ref. [79], i)Ref. [80], j)Ref. [81], k)Ref. [82],

l)Ref. [83], m)Ref. [84], n)Ref. [85]

Without question, maintaining structural stabil-

ity is crucial to any interatomic potentials. There-

fore, the LI-EAM potentials constructed here must

ensure that no unphysical structural instabilities oc-

cur not only for small but also for large deformation

since they are intended for the use in atomistic sim-

ulations. We have investigated the cohesive energies

of various crystal structures including bcc, fcc, hcp
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with the axial ratio ranging from 1.55 to 1.7, diamond

cubic, and simple cubic, under homogeneous deforma-

tion (in general not pure hydrostatic) for Li, Na, and

K, as shown in Fig. 7. From this figure, it can be ob-

viously seen that the LI-EAM potentials constructed

here for Li, Na, and K metals do not favor other crys-

tal structures over equilibrium crystal structure (i.e.,

bcc), even though homogeneous deformation occurs.
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Fig. 7. The cohesive energies of various crystal structures

under homogeneous deformation for (a) Li, (b) Na, and (c)

K crystals.

All crystals should theoretically satisfy the follow-

ing equilibrium condition:[26]

Aij =
1

2

J∑
m=1

Z0(m)∑
l=1

r
(l)
mi er

(l)
mj e

rme
ϕ′(rme) = 0. (26)

According to the point symmetry of the crystals with

fcc, bcc, and hcp structures, one can get

Aij ≡ 0, i ̸= j; i, j = 1, 2, 3. (27)

Then, the equilibrium condition becomes

Aii = 0, i = 1(x), 2(y), 3(z). (28)

For Li, Na, and K metals, the values of Aii predicted

with the LI-EAM potentials are displayed in Table 6.

From this table, it can be seen that the values of Aii

are nominal, and therefore the equilibrium condition

is actually satisfied for Li, Na, and K metals.

Table 6. The validation of equilibrium condition with the

LI-EAM potentials for Li, Na, and K metals.

Metal Axx/eV Ayy/eV Azz/eV

Li −1.4× 10−14 −1.4× 10−14 −1.4× 10−14

Na −1.8× 10−15 −1.8× 10−15 −1.8× 10−15

K −5.8× 10−16 −5.8× 10−16 −6.1× 10−16

Among all properties considered here, it is be-

lieved that the elastic constants are those that can

be measured the most accurately. Table 7 shows

the elastic constants obtained with the LI-EAM po-

tentials, via experimental measurements,[61] and from

first-principles calculations[87] for Li, Na, and K. Ob-

viously, the predicted elastic constants for Na and K

metals are perfectly consistent with the experimental

data. Although the predicted elastic constants for Li

metal have errors of 24.9%, 14.7%, and 19.1% com-

pared to the experimental data, they are comparable

to first-principles calculations, which result in errors of

15.6%, 29.4%, and 26.4%. This suggests that the elas-

tic constants predicted here for Li metal, as a whole,

agree with the experimental data to the same extent as

that calculated with first-principles. In addition, the

bulk modulus and Cauchy discrepancy for Li, Na, and

K metals can also be obtained directly from predicted

elastic constants in Table 7, which perfectly reproduce

the input values in Table 2. Incidentally, calculations

with other potentials are not listed in Table 7 since

all the elastic constants are used for fitting to their

potential parameters in almost all other potentials.
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Table 7. Comparison of the predicted elastic constants with experimental data and first-principles calculations.

Method
Li/GPa Na/GPa K/GPa

c11 c11 c44 c11 c12 c44 c11 c12 c44

LI-EAM 16.8 9.76 7.10 7.71 6.06 4.03 3.7 3.12 1.86

Expt.a) 13.5 11.44 8.78 7.39 6.22 4.19 3.7 3.14 1.88

ab initiob) 15.6 14.8 11.1 – – – – – –

a)Ref. [61], b)Ref. [87].

6. Conclusion

In this paper, it is reported that the LI-EAM

interatomic potentials for Li, Na, and K, which are

constructed by considering interatomic interactions up

to the fourth-neighbor atoms, drastically improve the

accuracy of the predicted surface energies. The pre-

dicted results agree very well with the experimental

data. In addition, the predicted structural stabil-

ity, elastic constants, vacancy formation and migra-

tion energies, and vacancy diffusion activation energy

are satisfactorily consistent with available experimen-

tal data or first-principles calculations, and the equi-

librium condition is satisfied.
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