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Abstract—It is generally accepted that the complicated character of the interparticle interaction in liquid metals
is reproduced most correctly by many-particle potentials of the EAM-type (embedded atom model) interparti-
cle interaction. It is shown that in the case of liquid lithium near the melting temperature (7;,, = 453.65 K), the
spherical pseudopotential provides a better agreement with experimental data on elastic and inelastic X-ray scat-
tering as compared to the known EAM potentials. The calculations of the dynamic structural factor and spectral
densities of the longitudinal and transverse atomic currents lead to the conclusion that although the pseudopo-
tential and EAM potentials generate a certain qualitative correspondence in the features of collective dynamics,
the interparticle interaction of the spherical type reproduces correctly the general form of the dynamic structure
factor in a certain wavenumber range, as well as the dispersion relation for collective excitations.
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1. INTRODUCTION

Among other alkali metals, lithium has the sim-
plest electronic structure 1s22s' (two inner s-electrons
and one valence electron). According to the number of
nucleon and electrons, lithium can be considered as
the simplest metal existing in nature [1, 2]. Neverthe-
less, many properties of lithium melt are quite nontriv-
ial, due to the specific ion—ion interaction [3], even as
compared to other liquid alkali metals. For example,
the potentials constructed on the basis of the local
pseudopotential (e.g., Ashcroft potential [4]) for lith-
ium cannot be used for reproducing the structure or
dynamics, while such potentials for other alkali metals
are in good agreement with experiments in a wide tem-
perature range. This is partly due to the fact that the
number of conduction electrons in lithium constitutes
about 33% of their total number, while these fractions
for sodium and cesium are 9% and 1.8%, respectively.
Further, lithium practically does not mix with other
alkali elements, while other alkali metals can form
homogeneous mixtures (for example, we can mention
sodium—potassium, cesium—rubidium, or cesium—
potassium alloys) [5]. Lithium exhibits a higher chem-
ical stability as compared to other alkali metals and
forms compounds with many nonalkali metals, which
are characterized by a high melting point and hardness
[6]. Owing to its high specific heat and thermal con-
ductivity, as well as low viscosity and density, liquid
lithium can be effectively used as a coolant in uranium
reactors in atomic power production [7].
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For reproducing the interparticle interaction in liq-
uid lithium, various model potentials were proposed,
including local [8, 9] and nonlocal [10, 11] potentials,
effective [12] spherical potentials (see review [13]), as
well as many-particle EAM-type potentials (embed-
ded atom method) [14, 15] and their modifications
(modified embedded atom model, MEAM) [16].
Remarkably, in accordance with a large number of
methods for developing interparticle interaction
potentials, the potential parameters are selected from
the very outset for reproducing correctly separate
regions of the phase diagram as well as structural prop-
erties. Obviously, the “correct” structure does not
imply the generation of the correct dynamics and
transport properties by a potential. The main goal of
this study is to analyze the accuracy of the description
of the structure and the microscopic dynamics of lig-
uid lithium in the vicinity of the melting temperature
using different potentials of interparticle interaction,
namely, the effective spherical pseudopotential [12],
the embedded atom potential (many-particle EAM
potential) [15], and modified embedded atom model
potential (MEAM potential) [16].

2. STRUCTURE AND COLLECTIVE
DYNAMICS OF LITHIUM ATOMS

We consider an equilibrium lithium melt at tempera-
ture 7= 475 K with concentration p = 0.0445 A=3. Such

a (p, T)-state is close to the melting curve, and its
structure and collective atomic dynamics have investi-
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Fig. 1. (Color online) (a) Radial atomic distribution function for liquid lithium at temperature 7'= 475 K; the dashed, solid, and
dot-and-dash curves are the results of simulation of the atomic dynamics with the effective pseudopotential [12], EAM potential
[15], and modified embedded atom model (MEAM) potential [16], respectively; symbols are experimental data on X-ray diffrac-

tion [21]. (b) Static structure factor of the lithium melt.

gated experimentally quite extensively [17]. The sys-
tem consists of N = 4394 particles in a cubic cell with
periodic boundary conditions. As the initial condi-
tions, we use the configuration of particles corre-
sponding to the bcc lattice of crystalline lithium with
lattice constant @ = 3.555 A and with zero velocities
and accelerations. We consider three different model
interparticle interaction potentials: spherical pseudo-
potential [12], many-particle EAM potential [15], and
the MEAM potential [16]. The details and character-
istics of the potentials used here are given in Appendix.
The equations of motion are integrated using the Ver-
let algorithm in the velocity form with time step T =
10~15 s [18]. To bring the system to thermodynamic
equilibrium and to calculate the spectral characteris-
tics, 100000 and 2000000 time steps have been made,
respectively.

2.1. Structural Features of Lithium Melt

As mentioned in Introduction, the most widely
used method to verify the accuracy of the interatomic
interaction potential is the calculation of the radial
atomic distribution function [19, 20]
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and the static structure factor
_1.N .
Stk)y=1+ ;J.[g(r) —1]exp(ik - r)dr 2)

as well as the comparison of the values of these quan-
tities with experimental X-ray diffraction data [21].
Here, V is the volume of the system; k and r are the
wavevector and the radius vector that determines the
position of the particle, and An,(r) is the number of
particles in a spherical layer of thickness Ar at distance
r from the ith particle.

In Fig. 1, functions g(r) and S(k) for liquid lithium
at temperature 7 = 475 K, which are calculated using
different interatomic interaction potentials, are com-
pared with the experimental X-ray diffraction data
[21]. It can be seen from the figures that the two model
potentials (pair pseudopotential [12] and EAM poten-
tial [15]) are generally in better agreement with exper-
imental data on X-ray diffraction [21] as compared to
the MEAM potential [16].

2.2. Microscopic Collective Dynamics
of Liquid Lithium

The collective dynamics of a many-particle system
is characterized by the experimentally determined
quantity, viz., dynamic structure factor S(k, ®). The
quantity S(k, ) can also be determined from the tra-
jectories of particles, which are estimated from molec-
ular dynamics simulations [22]:
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Fig. 2. (Color online) X-ray scattering intensity in lithium melt at temperature 7= 475 K; symbols are experimental data on
inelastic scattering of X-rays [23]. The solid, dashed, and dot-and-dash curves show the results of simulation of the atomic
dynamics with the effective pseudopotential [12], EAM potential [15], and modified embedded atom model (M EAM) potential
[16], respectively. For comparison of theoretical curves with experimental data, the results of simulation were transformed taking
into account the experimental resolution function from formula (4) and Eq. (5).

Sk, w) = ﬁ j e‘"“Z(exp[—ik -1,(0)|explik - r; (7). (3)

Lj

Here, the angle brackets indicate averaging over the
number of particles and time samplings.

To compare the results of simulation with experimen-
tal data, we computed the X-ray scattering intensity spec-
tra I(k, o) for different values of wavenumber k. It should
be noted that scattering intensity /(k, ®) is related to
dynamic structure factor S(k, ®) as follows:

I(k,®) = E(O)[ Rk, 0— 0)S,(k,0)do’,  (4)

Mol g0, (5)
1 —exp(—hw/kgT)
where S, (k, ®) is the quantum dynamic structure fac-
tor, E(k) is the normalization factor, and R(k, ®) is the
experimental resolution function, which is the inten-
sity of scattering by an empty container.

In Fig. 2, the X-ray scattering spectra for liquid
lithium in the vicinity of the melting temperature [23]
are compared with the molecular dynamics simulation
results obtained with different interatomic interaction
potentials. It is quite unexpected that the simulation

S, (k@) =
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results with the spherical pseudopotential [12] are in
complete agreement with experimental data on X-ray
scattering and reproduce all features of the I(k, ®) spec-
tra. At the same time, the results of simulation with the
EAM potential [15] and MEAM potential [16] show
considerable discrepancy with experimental data.

For detailed analysis of acoustic collective exci-
tation of longitudinal and transverse polarizations in
liquid lithium near the melting temperature, we calcu-
lated the spectral densities

kT
m
o=LT

(m is the particle mass) of normalized time correlation
functions of the longitudinal current,

Cy (k1) = (@ FEO)ey (o ikDe) (7
{ley - j(k,0))
as well as of the transverse current [24],

C,(k,0) = J.Ca(k, Ne " ar,
0

(6)
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Fig. 3. (Color online) Spectral densities of time correlation functions ¢ 1 (k, ®) and C‘T(k, ) of the longitudinal and transverse
currents, respectively, for the lithium melt at temperature 7' = 475 K, which were obtained from the results of simulation of the
atomic/molecular dynamics with the pair effective pseudopotential (solid curves) [12], and many-particle EAM and MEAM
potentials (dashed and dot-and-dash curves, respectively) [15, 16].

¢ .y = e X PR 01 -leg X ik, )D)
(e, X jk,0)%)

Here, the parentheses and brackets indicate the scalar
and vector products, respectively; quantity j(k, 7) is the
microscopic mass current, which is defined as [25]

: )

N
k1) = %NZW) exp(—ik - (1)), )
/

where 9,(7) is the velocity of the /th particle at instant ¢
and e, = k/|k|. Figure 3 shows the frequency spectra

C’L(k, ®) and C‘T(k, ) for the range of wavenumbers
corresponding to k < k,,/2 and k > k, /2. Here, k,,/2 =
1.25 A is the boundary of the first Brillouin pseudo-
zone and k,, = 2.5 A-! is the position of the principal
peak of static structural factor S(k). It can be seen from
the figure that the peaks are manifested clearly in the
spectra C 1 (k, ®) and C‘T(k, ) in the high-frequency
region for all three model potentials. At the same time,
the lineshapes of the spectra, as well as the positions of
the peaks and their heights (for a fixed k), exhibit
clearly manifested differences for different potentials.

Figure 4 shows the dispersions of collective exci-
tations of the longitudinal and transverse polarizations
of liquid lithium, which were obtained from calculated
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spectra! C ;(k, ®) and CT(k, ®) and experimental
dependences /(k, ). As can be seen from Fig. 4a, the
simulation results for low values of the wavenumbers
are in good agreement with the experimental data on
X-ray scattering [23]. In addition, the results of calcu-
lations and the experimental data indicate the so-
called positive dispersion effect for the velocity of
sound in the microscopic region (k < k,,/2), when the

values of (DEL)(k) exceed the value predicted by the
hydrodynamic theory [26, 27] with linear dispersion

oP(k) = ¢k, where ¢, = 4554 m/s is the adiabatic
velocity of sound. At the same time, Fig. 4a shows that
the simulation results with the pair pseudopotential
[12] are in better agreement with experimental data
[23] as compared to the results of calculations
obtained on the basis of many-particle potentials [15,

16].

Figure 4b shows the simulation results for the dis-

persion relation of collective excitations for transverse
polarization 0)§T) (k). Since experimental data for

(oiT) (k) for liquid lithium near the melting temperature

! Note that the spectral density of the time correlation function of
the longitudinal mass current is connected with the dynamic

structure factor by the relation C‘L(k, w) = (mz/kz)S(k, ),
Vol. 126
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Fig. 4. (Color online) (a) Dispersion relation of collective excitations of the longitudinal polarization for lithium melt at tempera-
ture 7= 475 K; A, B, and % are the results of simulation with the effective spherical pseudopotential [12], EAM potential [15],
and modified embedded atom model (MEAM) potential [16], respectively; o are experimental data on inelastic scattering of

X-rays [23]; symbols 4 correspond to frequency (k) = kBTk2 /ImS(k)][21]. Dotted curve corresponds to mﬁL)(k) = cgk, where
¢, = 4554 m/s is the adiabatic velocity of sound. (b) Dispersion relation for collective excitations of the transverse polarization for
liquid lithium. Dashed lines mark the boundary of the first Brillouin pseudozone.

are not available, it is impossible to judge about the
reliability of dispersion curves for the transverse polar-
ization dynamics. Nevertheless, we can draw some
qualitative conclusions. First, acoustic-like collective
excitations of the transverse polarization with a char-
acteristic dispersion relation are clearly manifested for
all considered potentials in the collective dynamics of
lithium atoms. Second, the extrapolation of the corre-
sponding dispersion relation to the range of small val-
ues of k indicates the existence of the so-called gap of

width kOT , in which wﬁr) assumes zero value [28].

3. CONCLUSIONS

We have performed molecular dynamics simula-
tions of lithium melt at temperature 7= 475 K (7,, =
453.65 K) with different model interparticle interac-
tion potentials (spherical pseudopotential [12], EAM
potential [15], and MEAM potential [16]). It is shown
that the pair pseudopotential [12] and embedded atom
(EAM) potential [15] correctly reproduce the “struc-
tural” features of the lithium melt near the melting
point and correctly describe the experimental data on
X-ray diffraction [21], while the simulation results
based on the MEAM potential [16] exhibit substantial
discrepancy with experimental data. It is found that
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the spherical pseudopotential reproduces the experi-
mental data on X-ray scattering, as well as the disper-
sion of collective excitations of the longitudinal polar-
ization in liquid lithium, most correctly in a wide
range of wavenumbers. This result is rather unex-
pected since it means that a spherical-type potential
can reproduce the ion—ion interaction of the lithium
melt. The existence of propagating collective exci-
tations of transverse polarization in the lithium melt
near the melting point has been established.

APPENDIX
Interatomic Interaction Potentials

The spherical effective pseudopotential [12] is
defined as the sum of the Coulomb interaction
between ions and the electron-mediated contribution:

2
U(r) = ZT +0(r), (10)

where Z is the charge number. In turn, the Fourier
transform ¢(k) = FT]¢(r)] is connected with pseudo-
potential v (k) and the response function of the elec-
tron gas
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Table 1. Some parameters of the EAM potential

KHUSNUTDINOFF et al.

n P, a,, eV b,, eV Y g eVA" d,
0 1.0 — — — —1.615 —
1 0.9 —0.895 — 0.0326 32.92 0.253 eV
2 0.84 —0.894 —0.00652 1.7 —245.83 0.153 eV/A
3 0.70 —0.888 —0.21052 —1.02 840.22 2.450 A
4 0.55 —0.878 0.07508 1.75 —1369.38 0.380 eV
5 0.35 —0.850 —0.44992 —1.0 905.62 1.960 A~!
6 1.10 —0.800 —0.04992 11.0 — —
7 — —0.894 0.00652 0.0 — —
() Finally, the pair interaction is defined as follows:
xh) = —— L8 (1)
1— 4_725[1 — G k) d, + dy(d; — r) + dy(explds(ds — r) - 1]),
k r<245A,
by the following relation: o(r) = g+ &, g—§ N g_g N g—i N g_g , (17)
oK) = xRNV (k. (12) poas i

Here, function G(k) takes into account the effects of
exchange and correlation between electrons.

The embedded atom potential (many-particle EAM
potential) [15] is defined by the expression

U= ®@FE)+ D00 (13)
i i<j
Here, ¢(r) is the pair interatomic interaction potential

and ®(p;) is the “embedding” potential of the ith
atom, which depends on effective electron density p.

Electron density p; for the ith atom is defined as [29]
P =D o), (14)
J
where

o(r) = pyexp(=pyr),
p =3.0511, (15)
p, =122 A
Further, embedding potential ®(p) is defined in

terms of expressions corresponding to specific values
of quantity p:

a+a(P-P)’s P <P<Pe
a;+ b0 —Pi) + (P - P,
DP) =P <P<P  (=2345), (16)
ag +bs(P—Ps) + (P —P5)’, P <Ps,
@+ b0 -P) + (P -’ P =P

The parameters required for this procedure are given
in Table 1.
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The values of the parameters of this potential are given
in Table 1.

In contrast to the EAM potential, the modified
embedded atom potential (MEAM potential) [16] also
contains the contribution taking into account three-
particle interactions in the many-particle function
(namely, in the embedding potential). This potential
was proposed for describing 23 different elements, the
ground state of which is characterized by different
crystal lattices (fcc, bec, and diamond cubic lattices).
The MEAM potential is defined by the general expres-
sion

J&0)

U= Z{cb,-(ﬁi) =9 %(ry-)}- (18)

Here, effective electron density p is given by

0 2 / p([) ’
ﬁzp() 1+zt()(wj, (]9)
=

where

p" = \/Zzpl(’?k)z Pi(iy) B (cos(8;)),  (20)
ik J

p.(r) = exp[-B"(r/ry = D], Q1)

r, = 3/04 A is the distance between adjacent atoms,

P,O(cose) are associated Legendre polynomials, and #”
and B are the weight factors and damping coeffi-
cients for partial electron densities, which assume the
following values: £V = 0.26, 1@ = 0.44, @ = —0.20,
and B© = 1.43, BV = 1.0, B? = 1.0, B = 1.0.
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The contribution connected with the embedding
potential is defined in the form
®(p) = AEInp, (22)

where A = 0.87 is the scaling factor for the “embed-
ding” energy and E, = 1.65 eV is the sublimation
energy.

Finally, the contribution associated with the pair
potential is defined by the relation

(WF%MW%¢@ML

where the energy of the atom of the corresponding
standard structure,

E"(r) = —E [l + o(r/r, = D]exp[-a(r/r, = DI, (24)

is taken into account, and o = 2.97 is the damping
constant for energy E“(r).

(23)
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