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Molecular dynamics studies of neptunium dioxide
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Abstract

The molecular dynamics (MD) calculation has been performed for neptunium dioxide (NpO2) in the temperature range from 300 to
2500 K to evaluate the thermophysical properties viz., the lattice parameter, thermal expansion coefficient, compressibility, heat capacity,
and thermal conductivity. The Morse-type potential function added to the Busing-Ida type potential was employed for the ionic interactions.
The interatomic potential parameters were determined by fitting to the experimental values of the lattice parameters of NpO2. The thermal
expansion coefficient and compressibility were calculated from the temperature and pressure dependences of the lattice parameter, evaluated
from the fixed pressure MD calculation. The heat capacity at constant volume (CV ) was calculated from the variation of the internal energy
of the system, evaluated from the fixed volume MD calculation. The lattice dilation contribution to the heat capacity (Cd) was evaluated
from the calculated thermal expansion coefficient and compressibility. The thermal conductivity was calculated by using a Green-Kubo
relation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The minor actinide (MA: Np, Am, and Cm) oxides are
produced in irradiated oxide nuclear fuels, and they affect
the thermophysical properties of the fuel. In addition, the MA
containing mixed oxide fuel, (U,Pu,MA)O2 is candidate for
advanced nuclear fuels for fast breeder reactors and/or trans-
mutation reactors[1,2]. Therefore, it is important to evaluate
the properties of the MA oxides. However, there is only a lit-
tle information on these properties for the MA oxides, due to
the difficulties associated with the high radiation fields. These
studies are limited to a few properties, or a small temperature
range. Because the recycled fuel will be widely used in the
future, it is necessary to develop a new technique to evaluate
the thermophysical properties of the MA oxides. Molecular
dynamics (MD) calculations can be one useful technique,
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and provide information to understand the properties of the
compounds.

In recent years with the advance of computer simulation
techniques, we have performed extensive MD studies on ura-
nium and plutonium oxides and/or nitrides to understand their
thermophysical properties[3–6]. However, in the case of the
MA oxides, there are no studies on the MD calculations. In
the present study, the MD calculation for NpO2 is performed
to evaluate the thermophysical properties such as the heat
capacity and thermal conductivity.

2. Calculation procedure

The MD calculations for NpO2 were performed for a
system of 324 ions (108 cations and 216 anions) initially
arranged in a CaF2 type crystal structure. In our previous
studies, the MD simulations were performed for UO2 and
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PuO2 under the same cell size conditions (324 atoms), and
we have succeeded in reproducing several thermal properties
of the actinide dioxides[4–6]. Therefore, the box size with
324 atoms is enough to perform MD simulations for NpO2.
In the present study, the calculations were performed by a
molecular dynamics program based on MXDRTO[7]. The
standard constant pressure–temperature (NPT) and constant
volume–temperature (NVT) MD calculations at the thermo-
dynamic equilibrium were performed. A quantum effect[8]
was taken into account in the present calculation. The lat-
tice, containing a fixed number of atoms, was assumed to
repeat periodically throughout the material, and there was no
edge or surface effect. The long-range coulomb interaction
was treated with Ewald’s summation[9]. The equations of
motion were integrated using Verlet’s algorithm[10] with
on integration time step of 2.0× 10−15 s. At the start of the
calculation, the initial velocity of each atom was assumed to
take random velocities, which was about 0.01Å fs−1.

The calculations were made in the temperature range from
300 to 2500 K, and in the pressure range from 0.1 MPa to
1.5 GPa. The temperature and pressure of the system were
controlled independently with a combination of the methods
proposed by Andersen[11] and Nose[12]. A 10,000-step
equilibrium run was made at the desired temperature and
pressure. Although the number of steps was small, equilib-
rium was achieved as judged from the changes in the tempera-
ture (±3%), pressure (±9%), density (±0.02%), and internal
energy (±0.04%). At 300 K, the mean square displacement
of oxygen ions in the MD cell was within 0.02̊A2, which is
close to the magnitude of thermal vibrations at that tempera-
ture.

We employed the semi-empirical two-body potential func-
tion proposed by Ida[13] for cation–anion interactions. In this
potential, the f-electrons and relativistic effects are accounted
for implicitly, but the three-body effect is not accounted for. It

Fig. 1. Temperature dependence of the lattice parameter of NpO2, together with the experimental data[20–22].

Table 1
Values of the interatomic potential function parameters for NpO2

Ion z a b c Dij βij r∗
ij

O −1.2 1.926 0.160 20
Np 2.4 1.190 0.080 0 10.5a 3.27a 2.339a

a For Np–O pairs.

would be desirable to use the three-body (or beyond) poten-
tial. For the present study, however, the two-body potential is
sufficient, because the system (fluorite structure) is relatively
simple. The potential is a partially ionic model including a
covalent contribution:

Uij(rij) = zizje
2

rij
+ f0(bi + bj) exp

(
ai + aj − rij

bi + bj

)

− cicj

r6
ij

+ Dij{exp[−2βij(rij − r∗
ij)]

− 2 exp[−βij(rij − r∗
ij)]}, (1)

wheref0 equals 4.186,Zi andZj are the effective partial elec-
tronic charges on theith andjth ions,r is the atom distance,
r∗
ij is the bond length of the cation–anion pair in vacuum,

and a, b, and c are the characteristic parameters depend-
ing on the ion species. In this potential function,Dij and
βij describe the depth and shape of this potential, respec-
tively. The first term is the coulomb interaction, the second
term denotes the core repulsion, and the third term, which is
called Morse-type[14] potential, corresponds to the covalent
contribution.

The parameters (a, b, andc) for oxygen ions given by
Kawamura[15] were used in the present study. These pa-
rameters have been used in the studies of other oxides such
as SiO2, MgSiO4, Al2O3, and NaAlSiO4 [15]. The param-
eters of neptunium ion were determined by trial and error
using the experimental values of the changes in the lattice
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