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Molecular dynamics calculation of UO2 in a wide temperature range are presented and discussed. The calculated lattice parameters, mean square displacements, and dynamic property of phonon-level density of the velocity auto-correlation functions for UO2 are provided.
The Morelon potential and the Basak potential are employed. It confirms that the calculated lattice parameters using the Basak potential are in nearly perfect agreement with
the reported values. The models successfully predict mean square displacement and Bredig
transition. Furthermore, the phonon-level density of uranium dioxide are discussed. The
intensity of phonon-level density increases with temperature, and the properties of UO2 are
characterized by large thermal vibrations rather than extensive disorder.
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the thermal conductivity of UO2 have been investigated
by Yamada et al. [7], who developed a series of rigidion potentials for UO2 using non-formal charges with
fixed ionicity. Not long after, MD simulations have been
performed to study the melting point using the interatomic potentials with the partially ionic model potential [8−12]. Experimentally, Infrared spectra of stoichiometric and hyperstoi-chiometric for uranium dioxide were measured by Allenet et al. [13]. Raman spectra were measured on the stoichiometric UO2 [14−20],
Manara and Renker measured the micro-Raman spectroscopy of stoichiometric and hyperstoi-chiometric for
UO2 [21]. These results are basic for the analysis of
many stages of the nuclear fuel cycle. Unfortunately,
to our knowledge, there is scarcely information on MD
study of density of states (DOS) of the velocity autocorrelation functions for UO2 available in the literature.
There are two principal factors to determine the reliability of the simulations. One is the number of ions
taken in the ensemble, the other is the quality of the
inter-atomic potentials used to represent the system.
Inter-atomic potential functions are the essential part
of the MD simulation. To some extent, all pair potentials developed for UO2 are based on Catlows’ original
work [22]. In this work, we describe the density of states
of power spectrum of the velocity autocorrelation functions for UO2 using the rigid-ion potential developed by
Morelon et al. [23] and Basak et al. potential [8], and
predict whether the technique provides a promising way
of studying the spectrum of nuclear fuel oxides.

I. INTRODUCTION

Uranium-based materials attract much interest owing to their technological and environmental implication
as well as for theoretical prospects. Uranium dioxide
(UO2 ) is an important material for nuclear industry. It
is the usual fuel used for pressurized heavy water reactors, in the energy sources, which have played the most
important role so far and will do in the future. Especially, the properties of UO2 at high temperature are of
great interest for the safety development and management of the nuclear reactor system, hence, the physicochemical properties and the nuclear characteristics of
fuel materials need to be understood deeply.
As for the theoretical calculations, on the electronic
scale there is still a challenge for the structure simulations owning to the localization effect of the f electrons coming from the strong electron-electron interaction. However, recent advances in computer power and
simulation technique have allowed us to simulate the
uranium-based materials behavior on the atomic scale.
Since the pioneering works by Benson et al. [1] and
Dolling et al. [2], two classes of inter-atomic potentials for UO2 have been discussed. Many molecular
dynamic (MD) studies of uranium dioxide have been
performed to estimate a series of thermal properties
[3−5]. A previous investigation of UO2 using molecular dynamics simulation was reported by Walker and
Catlow [6]. More recently, the molar specific heat and
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II. MOLECULAR DYNAMIC SIMULATION
A. Inter-atomic potential function

We applied two types of an inter-atomic potential
function. The potential developed to data for UO2 has
been optimized by fitting the grid parameter, the elastic constants, the cohesive energy, etc. by Morelon et
al. [23]. The U−U and U−O interaction potential appeared with the Born-Meyer-Huggins (BMH) analytic
form to describe the non-Coulombic interactions:
³ r´ C
U (r) = A exp −
(1)
− 6
B
r
where A, B, and C are the parameters of empirical
potential for UO2 . The values of the inter-atomic potential function parameters are summarized in Table I.
The BMH term of the U−U interaction is assumed to
be zero since U−U distances are always large enough
that the results are unaffected by the short-range BMH
potential, and the 1/r6 term of the U−O interaction is
neglected because the attraction is dominated by the
electrostatic component [23]. As show in the Jackson et
al. model [24], the potential for the O−O interaction is
defined by intervals:
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Classical pair wise interaction that is essentially a
BMH type potential model along with the Morse potential has been chosen. Such a combined potential model
was originally used by Kawamura [25] for studying silicate and other oxide structures and subsequently by
Yamada et al. [7] and later by Basak et al. [8] for UO2 .
µ
¶
zi zj e2
ai + aj − r
U (r) =
+ f0 (bi + bj ) exp
−
rij
bi + bj
ci cj
∗
2
6 + Dij {[exp(−βij (rij − rij ) − 1] − 1} (3)
rij
where zi and zj are the effective partial electronic
charges on the ith and jth ions, r is the atom distance,
∗
rij
is the bond length of the anion-cation pair in vacuum, a and b are the characteristic parameters depending on the ion species. In this potential function, Dij
and βij describe the depth and the shape, respectively.
The first term is the Coulomb interactions while the
second term denotes the core repulsion, and the third
one accounts for van dar Wall’s weak attraction. The
last term which is called Morse-type [26] potential corresponds to the covalent contribution. The values of this
inter-atomic potential function parameter are given in
Table II.
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TABLE I The parameters of empirical potential for
UO2 (uranium charge of +3.227252 and oxygen charge of
−1.613626).
A
B
C

U−U pair
0.0
0.0
0.0

U−O pair
566.498
0.42056
0.0

O−O pair
Defined by polynomials
Eq.(1)

TABLE II The potential parameters of UO2 (uranium
charge of +2.4 and oxygen charge of −1.2).
a/nm
b/pm
c/(J nm6 )
β/nm−1
D/meV
r∗ /µm
f0 /(eV/nm)
ζ

U−U pair
0.326
32.7022

U−O pair
0.354
32.7022

O−O pair
0.382
32.7022
3.81×1015

0.165
577.45
22.39
0.422
0.6

B. Simulation techniques

UO2 holds stable fluorite structure (CaF2 type), each
unit cell contains four U4+ and eight O2+ . The MD calculation was performed for a system of 768 ions (cations:
256, anions: 512) that was constructed with an array of
4×4×4 super-cells in three mutually orthogonal directions.
In the present study, the MD simulations have been
performed using DL-POLY program, a large-scale MD
simulation package available from Daresbury laboratory [27]. The simulations were made in the temperature range 300−3000 K at zero pressure, the constant
pressure-temperature (NPT) simulation was employed
using Nose-Hoover thermostat to control the temperature. The Coulomb term has been calculated by an
Ewald summation technique [28]. The atomic motion
was obtained from the calculated forces via numerical
integration, Verlet leapfrog algorithm [29], using a unit
time step ∆t of 2.0 fs with a real space cutoff of 0.1 nm.
The periodic boundary conditions were considered. At
the start of the calculation, the initial velocity of each
atom was chosen to take a random velocity. At the desired temperature, the MD trajectories were generated
with a total run of 105 time step, including 104 time
step of equilibrium run.

III. RESULTS AND DISCUSSION
A. Lattice parameters

Some experimental data on lattice parameter together with the calculated lattice parameters, as a funcc
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FIG. 1 Variation of lattice parameters of UO2 with temperature from 300 K to 3500 K using Morelon potential and
Basak potential.

tion of temperature, are presented in Fig.1. Obviously,
the calculated results with the Basak potential are in
agreement with the experimental values by Martin [30],
especially, up to 2500 K. At the higher temperature, the
deviation which increases with temperature may result
from the formation of Frenkel defects or the relatively
large thermal expansion. However, the calculated values using the Morelon potential always underestimate
the experimental data of lattice parameters by 0.96%
in the range of temperature. The inadequacy of the
potential model or the values of the potential parameters always results in the deviations, since the potential
parameters used in present work are fitted at the low
temperature, they may not be good for the estimation
of the structure where the lattice expansion may be considerable.
B. Mean square displacement and Bredig transition

The mean square displacement (MSD) can be expressed as follows: [31]
2

h|r(t) − r(0)| i =

N Nt
1 XX
2
|rn (t + t0 ) − rn (t0 )| (4)
N Nt n=0 t=t
0

where rn (t) is the position of nth particle at time t.
N and Nt are total number of particle and total time
step, respectively, t0 is the initial time step. It is a
measure of the average distance for the given atoms in a
system. The slope of the MSD, considered for long time
intervals, is related to the self-diffusion constant D that
is straightforward to explain the anomalous increase of
the diffusion rate coefficient at the transition. The socalled Bredig transition is connected with a disorder in
the non-metal sub-lattice and with a dramatic rise of
anion electrical conductivity [32], is characterized by a
smooth peak in the heat capacity, it has been reported
that a diffuse transition occurs at a value close to the
ionic melt [33, 34].
DOI:10.1088/1674-0068/24/04/399-404
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FIG. 2 Variation in time-averaged MSD of UO2 with temperature from 300 K to 3500 K.

FIG. 3 The MSD of uranium and oxygen atoms in UO2 as
a function of time.

We show the mean-square displacements at several
temperatures in Fig.2, and Fig.3 provides the MSD of
uranium and oxygen atoms in UO2 as a function of
time using Basak potential. It can be seen that there
are very large and anisotropic thermal motions of the
oxygen atoms from 2500 K to 3000 K, while U atoms
have the low mobility. The Bredig transition of UO2
was reported as 0.84 Tm at 2610 K [35] and 0.8 Tm
as suggested by Browning et al. [36]. Our calculations
show the existence of the Bredig transition is confirmed
in the MD cell at 2500−3000 K (UO2 melts at 3150 K).
The diffusion coefficient of one of the constituent atom
becomes comparable to that of liquids above the transition temperature. So the detailed study of the transition occurring in the crystal lattice at elevated temperatures is essential to understand the thermal properties.
The transition temperature obtained with two potential models from the present calculations is in agreement
with the experimental data. That is to say, from 2500 K
to 3000 K oxygen diffusivity increases sharply, it is an
indication of being the oxygen super-ionic conductor. It
is a clear manifestation that simulated Bredig transition
is not an inherent outcome of the potential model used;
rather it is probably depends on the crystal structure
c
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FIG. 4 Phonon-level density calculated by the velocity autocorrelation function for UO2 in the NPT ensemble with temperature, using Morelon potential.

and the ioncity of the material at high temperature.

C. Phonon-level density

Analysis of the velocity auto-correlation function
(VACF) and the power spectra is a powerful tool for
the elucidation of microscopic molecular motions. It
gives a connection among the experimental, theoretical,
and simulation works of the dynamic system. In this
section, the phonon-level densities evaluated by VACF
have been discussed. The VACF Cvv (t) is defined as
[37]:
civv (t) =
hv i (0)v i (t)i =

hv i (0)v i (t)i
hv i (0)v i (0)i

(5)

N0 X
N
1 X
[v i (t + t0 )vji (t0 )] (6)
N N0 t =1 j=1 j
0

where i denotes x, y, and z directions, and t0 is the
origin time. vji (t) is the velocity of the center-of mass
at time t. The summation in equation incorporates the
number of atoms of a given atom type or the entire set
of atoms for a total VACF.
The VACF can then be used to obtain the power spectrum of the velocity by the Fourier transform shown:
Z ∞
h~v (t)~v (0)i
ρ(ω) =
exp(−iωt)dt
(7)
h~
v (0)~v (0)i
0
the velocity power spectrum is very similar to the
phonon spectrum and therefore this feature is calculated to investigate the vibrational properties of the materials. In other words, the phonon-level density can be
obtained from the power spectrum of the VACF in MD
simulation.
DOI:10.1088/1674-0068/24/04/399-404

FIG. 5 Phonon-level density calculated by the velocity autocorrelation function with temperature by Basak potential.

Figures 4 and 5 show the phonon-level density of vibrational spectra for UO2 with several temperatures
by Morelon potential and Basak potential, respectively.
The calculated dispersion at the low temperature is in
agreement with available curves from Refs. [10, 11] with
two types of inter-atomic potential function, which are
the BMH potential with the fully ionic model (FIM)
and the BMH potential with the partially ionic model
(PIM).
For the Morelon potential, the phonon-level density
shows several peaks between 0−6 and 16−20 THz at
300 K, and the intensity of the low-frequency part is
much lower than that of the high-frequency part. With
increasing temperature, at 1000 K, the peaks of the lowfrequency part die down, whereas, the total intensity
slightly increases compared to 300 K; some relatively
low peaks in the high-frequency part disappear, and, to
some extent, the intensities increase. Up to 2000 K, the
entire range has no high-frequency peak, only has two
little peaks in the low frequency part, and the curve displays much smoother than that of 1000 K. There is only
a vibrational peak at about 3 THz in the high-frequency
part at 3000 K, and the intensity is the highest of all.
It undergoes similar transformation in the entire temperature range for the Basak potential. The oscillation
frequency of peak is shifting to the low temperature
part. And the whole intensities are progressively increasing, especially, for the higher frequency part. The
peaks at the higher frequencies of this range are primarily due to vibrational motions of the crystal about its
lattice sites. However, the result of Basak potential has
an obvious change trends. In addition, the frequency
ranges of the appearing peak are closer to the experimental data at 430, 450, 467, 575, 580, and 630 cm−1
[14, 15, 38, 39].
That can illustrate the results with Basak and
Morelon potentials are available for evalution of vibrational properties. Maybe, some experimental values are
c
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tal data. In the meanwhile, results for UO2 showed
both the mean square displacement and the existence
of a Bredig transition. The transition results obtained
by both potentials were in resemblance with the literature values.
Finally, the MD simulation showed the phonon-level
density, which was evaluated by the velocity autocorrelation function in solid UO2 . The overall descriptions
of the phonon-level density were presented by the two
types of inter-atomic potential function. With the increasing temperature, the whole intensity is progressively increased, especially, for the higher frequency
part. The properties of UO2 are characterized by large
thermal vibrations. Cations have the low frequency
component, while oxygen has a high one. The results
may be applicable to evaluate the spectrum of solid UO2
in the future.
FIG. 6 Phonon-level density calculated by VACF for U ion
and O ion at 1000 K with Basak potential.

not in agreement with our calculated data, since they
should be attributed to electronic scattering rather than
to a fluorite-like atom scale vibrational frequency.
Phonon-level density calculated by the velocity autocorrelation function for U and O atoms with the Basak
potential at 1000 K is shown in Fig.6. The frequency
spans the spectral range up to 25 THz, while uranium
contribution is restricted up to 12 THz, and the oxygen
contributes over the entire frequency range. It shows
that uranium atoms have the low frequency component,
while oxygen atoms have a high one which due to thermal motions in the system from their intensity.
It is consistent with results which elaborate the MSD
of O atoms that begins to increase, while there is no
significant change for that of U atoms. That is, oxygen
atoms become more active and diffusive beyond 2500 K;
the diffusion of uranium atoms is hardly visible, even
at very high temperature. Uranium atoms have only
a small vibration near their original locations owing to
the defect in the high temperature or its large mass.
Oxygen sub-lattice of UO2 is thermally less stable than its uranium sub-lattice, and, at sufficiently
high temperature, becomes almost completely disordered with a large fraction of oxygen atoms occupying
randomly regular or interstitial positions that lead to
the formation of kinds of defects [40].

IV. CONCLUSION

MD simulations have been applied to evaluate the
phonon-level density of power spectra of velocity autocorrelate functions for UO2 using two types of interatomic potential function from 300 K to 3000 K. The
lattice parameters were calculated from the Basak potential and in good agreement with existing experimenDOI:10.1088/1674-0068/24/04/399-404
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