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Modeling the thermal properties of uranium oxide is of immense interest to the nuclear industry. UO2

belongs to the family of superionic conductors whose solid-state diffusion coefficients at high tempera-
tures are comparable to that of liquids. We report lattice dynamics and molecular dynamics studies car-
ried out on oxide UO2 in its normal as well as superionic phase. Lattice dynamics calculations have been
carried out using shell model in the quasiharmonic approximation. The calculated equilibrium structure,
elastic constants, bulk modulus, phonon frequencies and specific heat are in excellent agreement with the
reported experimental data. Pressure variation of the phonon dispersion and equation of state have also
been predicted. Molecular dynamics simulations have been carried out to study the diffusion behavior
and the thermodynamic properties in UO2. The diffusion constant of O in UO2 has been determined.
The pair correlation functions, O–U–O bond angle and thermal amplitude of vibration for the oxygen
atom provide a microscopic picture of the local structure thereby throwing light on the gradual increase
in the disorder of the oxygen sub-lattice which is a signature of superionic transition. The calculated tran-
sition temperature of UO2 is 2300 K, which compares well with experimental value of about 2600 K.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

UO2 is an important material for nuclear industry. It is the usual
fuel used for pressurized heavy water reactors. Knowledge of the
thermodynamic and transport properties of nuclear fuel at high
temperatures is of great interest [1–7]. A clear understanding of
its thermophysical [8–25] properties is of utmost need for its var-
ious applications. It also belongs to the class of oxide fast-ion con-
ductors [1,18–24], which allow macroscopic movement of ions
through their structure. Rapid diffusion of a significant fraction of
one of the constituent species occurs within an essentially rigid
framework of other species. In UO2, it is the uranium, which forms
the rigid framework while superionic conduction arises from mas-
sive disorder of the oxygen sub-lattice. The study of phonon spec-
tra and lattice vibrations is of particular interest because several
physical properties of crystals like their specific heat, thermal
expansion, thermal conductivity, phase transitions, melting, trans-
mission of sound, optical properties and interaction with radia-
tions such as X-rays and neutrons are all related to the vibrations
of atoms in solids.

Microscopic modeling [26] or simulation is necessary to under-
stand the conduction processes at high temperatures in these crys-
tals. Uranium dioxide exhibits the fluorite structure having space
ll rights reserved.
group Fm3m [27]. Uranium atoms form a face centered cubic net-
work, all tetrahedral sites of which are occupied by oxygen atoms.
This compound shows a type-II superionic transition attaining high
levels of ionic conductivity following a gradual and continuous dis-
ordering process within the same phase [1,2,5]. Several theoretical
and experimental works have been reported on numerous fast-ion
conductors like Li2O, CaF2, BaF2, PbF2, SrCl2, CuI, etc., [28]. The main
impetus for these studies has been to unravel the causes behind
the process of fast-ion conduction. In case of UO2, interest has been
manifold owing to its use in the nuclear field. The high tempera-
ture studies in UO2 have been motivated by its use as a nuclear fuel
for nuclear fission reactors. This oxide behaves similar to other
superionic halides. The extensive diffusion is characterized by a
large decrease in the elastic constant C11 [2,19,29,20] and specific
heat anomaly at the transition temperature, Tc. Neutron scattering
measurements indicate that the anionic sub-lattice in UO2 be-
comes heavily disordered in the region of 2300 K [2,3,19,30]. Mea-
sured elastic constants [2,3,29] do show a softening above 2400 K
in the region where fast-ion behavior is expected in UO2, but the
variation below this temperature is already very large. There is a
high increase in specific heat [31–39] at high temperatures in
UO2. Its behavior complies with the general belief that fluorites
in general show a diffuse transition at about 0.8 Tm (Tm = melting
point, Tm of UO2 is 3120 K). Above the transition temperature the
diffusion coefficient of one of the constituent atom becomes
comparable to that of liquids [1]. Detailed study of the processes
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occurring in the crystal lattice at elevated temperatures is essential
to understand the transitions.

In the present study, we have developed interatomic potentials
which have been used to derive the crystal structure, elastic prop-
erties phonon spectra and thermodynamic properties. Extensive
reported experimental data validate the model which has been
used for deriving various high-pressure–temperature properties
of UO2. Molecular dynamics simulations are aimed at understand-
ing the mechanism of diffusion. Section 2 presents the details of
the comprehensive lattice dynamics calculations. Section 3 deals
with the details of the molecular dynamics simulations. Section 4
summarizes and discusses the numerous results obtained using
both the techniques. Section 5 gives the various inferences con-
cluded from this study.

2. Lattice dynamics calculations

Our calculations have been carried out in the quasiharmonic
approximation [40,41] using the interatomic potentials consisting
of Coulomb and short-range Born–Mayer type interaction terms
as in our earlier studies [28,42–44],

VðrijÞ ¼
e2

4pe0

ZðkÞZðk0Þ
rij

þ a exp
�brij

RðkÞ þ Rðk0Þ

� �
; ð1Þ

where, rij is the separation between the atoms i and j of type k and
k0, respectively. R(k) and Z(k) are the effective radius and charge of
the kth atom, a and b are the empirical parameters optimized from
several previous calculations [42–44]. Oxygen atoms have been
modeled using a shell model, where a massless shell of charge
Y(k) is linked to the atomic core by harmonic force constant K(k).
Lattice constant, zone center phonon frequencies and elastic
constants have been fitted to experimental values. The final set of
optimized parameters used in the calculation is given in Table 1.
The calculations have been carried out using the current version
of the software DISPR [45] developed at Trombay. The interatomic
potential enables the calculation of the phonon frequencies in the
entire Brillouin zone.

Group theoretical symmetry analysis was undertaken to classify
the phonon modes belonging to various representations. Because
of the selection rules only phonon modes belonging to certain
group theoretical representations are active in typical single crystal
Raman, infrared and inelastic neutron scattering measurements.
These selection rules are governed by the symmetry of the system
and the scattering geometry employed. The theoretical scheme for
the derivation of the symmetry vectors is based on irreducible
multiplier representations [46] and construction of symmetry
adapted vectors, which are used for block diagonalizing the
dynamical matrix [44]. These permit the assignment of the phonon
modes belonging to various representations. For UO2, group theo-
retical analysis provides a classification of the frequencies at zone
center (C-point) and the high symmetry directions (D, R and K),
into the following representations:

C: 2T1u + T2g where T1u and T2g phonon modes are triply
degenerate

(00f): 2D1 + D2 + 3D3,
ðff0Þ : 3R1 þ 2R2 þ R3 þ 3R4,
(fff): 3 K1 + 3K3,
Table 1
Model parameters (a = 1822 eV, b = 12.364)

Atom type (k) R(k) (nm) Z(k) Y(k) K(k) (eV/nm�2)

Uranium 0.21 2.90e – –
Oxygen 0.175 �1.45e �2 11000
where the K3 and D3 phonon modes are doubly degenerate. Based
on the crystal symmetry, UO2 is expected to have one infrared
active mode (T1u) and one Raman active optical mode (T2g). The
classifications of the phonon modes into different irreducible rep-
resentations enable direct comparison with single crystal Raman,
infrared and neutron data.

Phonon density of states is an integrated average over all pho-
non modes in the complete Brillouin zone. It is defined by the
equation

gðxÞ ¼ c
Z

BZ

X
j

dðx� xjðqÞÞdq; ð2Þ

where, c, is a normalization constant, such that
R

gðxÞdx ¼ 1, q is
the reduced wave vector in the Brillouin zone, xj is the frequency
of the jth phonon mode. The phonon density of states is the key
quantity required to derive various thermodynamic properties
[44]. The phonon density of states of UO2 has been calculated by
effectively integrating over a 4 � 4 � 4 mesh of wave vectors in
the cubic reciprocal space unit cell while taking advantage of the
symmetry of the Brillouin zone. The contribution from individual
atom species can be obtained as partial density of states, which is
given as

gkðxÞ ¼ c
Z X

j

jnðqj; kÞj2dðx� xjðqÞÞdq; ð3Þ

where, n (qj, k) is the polarization vector of the phonon xj(qj). The
calculated density of states can be used to evaluate the various ther-
modynamic properties of the solid including specific heat at con-
stant volume, which is given as

CVðTÞ ¼ kB

Z
�hx
kT

� �2 e
�hx

kBT

e
�hx

kBT � 1
� �2 gðxÞdx: ð4Þ

To compare with experimental data, we need to calculate CP(T),
which is given as

CPðTÞ ¼ CVðTÞ þ avðTÞ2BVT; ð5Þ

where, bulk modulus,

B ¼ �VðdP=dVÞ: ð6Þ

The volume coefficient of thermal expansion is given as,

avðTÞ ¼
1

BV

X
i

CiCvi
ðTÞ; i ¼ qj; ð7Þ

Ci is the Gruneisen parameter for the jth phonon mode at wave vec-
tor q and is given by

Gruneisen parameter; Ci ¼ �
o ln xi

o ln V
: ð8Þ

Using the Lyddane–Sachs–Teller (LST) relations [47], we have
estimated

e0

e1
¼ x2

LO

x2
TO

;

where, e0 and e1 are respectively, the zero and the high-frequency
dielectric constants, while xLO and xTO are the longitudinal optic
and transverse optical phonon frequencies.
3. Molecular dynamics simulation

Molecular dynamics is a powerful method for exploring the
structure and dynamics of solids, liquids and gases. Explicit com-
puter simulation of the structure and dynamics using this tech-
nique allows microscopic insights into the behavior of materials
to understand the macroscopic phenomenon like diffusion of



Table 2
Comparison between calculated and experimental lattice [1,19] parameters and
elastic constants at ambient conditions

Physical quantity Experimental Calculated

Lattice parameter (nm) 0.5470(1) 0.546
Bulk modulus (GPa) 207 181
C11 (GPa) 389(5) 387
C44(GPa) 60(3) 66
C12 (GPa) 119(7) 77
Anisotropy factor (2C44/(C11–C12)) 0.426 0.444

Table 3
Comparison between the computed and experimental light scattering data and their
corresponding Gruneisen parameters. The computed dielectric behavior (e0/e1) = 4 is
underestimated as compared to the experimental [52,53] value of 5.14

Mode Experiment
wavenumber (cm�1)

Calculated
wavenumber (cm�1)

Ci (expt. [53]) Ci (calc.)

T1u(LO) 556 576 0.52 0.65
T1u (TO) 278 254 1.83 2.58
T2g 431 468 1.28 1.18
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oxygen ions and their contribution to the fast-ion transition, in
this case. An interatomic potential, which treats U and O as rigid
units may be sufficient to study properties like diffusion. The
optimized parameters obtained from lattice dynamics studies
have been used for these simulations. In our study, we have taken
a macro-cell of 1500 rigid atoms with periodic boundary condi-
tions to study the response of the system when set free to evolve
from a configuration disturbed from the equilibrium situation.
The lattice parameters and atomic trajectories can thus be ob-
tained as a function of temperature and external pressure [48–
51]. Calculations in this work have been done using the software
developed at Trombay [45]. The simulations have been done at
various temperatures up to and beyond the fast-ion transition.
The diffusion coefficient, mean square displacement of oxygen
ion and the pair correlation functions were calculated to under-
stand the local environment in the normal as well as the super-
ionic phase and to understand the changes taking place upon
transition.

The pair correlation function of a crystal consisting of various
atoms at a given r is dependent on

gk0kðrÞ /
1

4pr2

Xi6¼j

i;j

dfr � rijðkk0Þg; ð9Þ

where, rij(kk0) is the separation between the positions of ith and jth
constituent atoms while k and k0 refer to the different kinds of
atoms. Molecular dynamics simulations have been carried out at
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4. Results and discussions

4.1. Phonon spectra and thermodynamic properties of UO2

The calculated values of the lattice parameter, bulk modulus,
and elastic constants compare well with the experimentally ob-
tained data [52,53] as given in Table 2. The values of the opti-
cally active Raman and infrared frequencies and their
Gruneisen constants are given in Table 3. The average Gruneisen
constant, Ci for all the phonons in uranium oxide is 1.55. The
computed ratio of zero and high-frequency dielectric constant
e0/e1 is in satisfactory agreement with experiments. The calcu-
lated Gruneisen constant of the LO mode is found to be substan-
tially lower than that of the TO mode, as observed
experimentally [53].

The phonon dispersion relation in UO2 at various pressures, is
shown in Fig. 1, along the various high symmetry directions. The
computed dispersion at P = 0 GPa is in excellent agreement with
available inelastic neutron scattering experimental data [54]. The
phonon frequencies are found to harden progressively with
increasing pressure. With increase in pressure, our calculations
do not indicate any softening of the phonon modes. Theoretical
studies reveal a free energy crossover at about 70 GPa [42]. The
present detailed phonon dispersion relation calculations indicate
that this transition is not driven by dynamical instabilities but
arises due to the lower volume of the high-pressure cotunnite
phase. At P = 0 GPa, the highest phonon branch is seen at about
70 meV, which shifts up to 80 meV at P = 50 and further to
80 meV at P = 100 GPa. The energy spread between the acoustic
modes is greater at higher pressures. The gap between the lowest
optic mode and the highest acoustic mode increases with increas-
ing pressure at the zone boundary.

The total and partial densities of UO2 are given in Fig. 2. The
observations of phonon dispersion picture are further substanti-
ated by this figure. The energy span at P = 0 GPa is between 0
and 70 meV, at P = 50 GPa it is up to 80 meV, while at
P = 100 GPa it spans up to 90 meV. The peaks in the phonon spectra
progressively harden with increase of pressure. The partial densi-
ties of states of the oxygen atoms show that they contribute almost
throughout the range mainly from 20 to 70 meV at lowest pres-
sure, between 40 and 80 meV at 50 GPa and between 50 and
90 meV at 100 GPa. Uranium atoms’s predominant contribution
is limited to the lower energy range up to 25 meV and its position
remains unchanged with pressure, indicating its much higher sta-
bility as compared to the oxygen atoms.

Fig. 3(a) gives the computed specific heat CP(T) compared to re-
ported data [37,55]. Quasiharmonic lattice dynamics calculations
significantly underestimate the observed specific heat (full line in
Fig. 3(a)). Taking into account the thermal expansion values ob-
tained from molecular dynamics simulations and temperature var-
iation of bulk modulus, fairly accurate description of the CP–CV

corrections are obtained. The computed specific heat at high tem-
perature after incorporating these corrections (open circles in Fig.
3(a)) are in good agreement with experiments [37] and reported
molecular dynamics simulations of Yakub et al. [55]. There are var-
ious factors like disordering of the oxygen sub-lattice, electronic
excitations, valence- conduction band transitions, etc., which play
a significant role in the anomalous increase in the specific heat
which sets in even before the fast-ion transition. The estimated
Frenkel defect energy of UO2 [42] involving formation of an oxygen
vacancy/interstitial pair was found to be �4.1 eV, in good agree-
ment with reported first principles [56] and experimental data
[57]. Defects do not contribute significantly over the 0–1600 K
temperature range reported in this study, but divalent Frenkel de-
fects are the predominant form of atomic disorder [58]. The equa-
tion of state is shown in Fig. 3(b), however, experimental data for
the same is unavailable for comparison. There is a smooth decrease
in volume with increase in pressure.

4.2. Diffusion and fast-ion transition

The diffusion coefficient of the oxygen ion has been computed
as depicted in Fig. 4. High temperature data of the diffusion con-
stant of oxygen in UO2 is unavailable for comparison. Our molecu-
lar dynamics calculations suggest that the superionic phase sets
around 2300 K, results have been compared and are found to be
in good agreement with those of Yakub et al. [55]. The signature
of a superionic transition is found indirectly in the enthalpy studies
on UO2, since direct measurements are made difficult with high
temperatures involved [31–39]. It is found to undergo a bredig
transition (involving jump in specific heat across the normal to
superionic phase transition) at about 2610 K. The diffusion coeffi-
cient is comparable to that of a liquid in the superionic phase.
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Calculations of the thermal amplitude using molecular dynam-
ics simulations (open circles) have been compared with experi-
mental results [2] and reported calculations [55] in Fig. 5(a), and
is in good agreement. The change in the slope of the plot at the
superionic transition (T � 2300 K) is seen clearly. The thermal
expansion of the unit cell obtained from the MD simulations,
which includes anharmomic effects is plotted in Fig. 5(b), agrees
well with experiment. In case of the reported experiment [2], the
various data points correspond to different crystals and different
instruments.

The information on the nearest neighbour distances can be ob-
tained from the radial pair correlation functions. The pair correla-
tion of the UO2 lattice at different temperature from T = 300 K
(room temperature) to superionic state at T = 2550 K is plotted
in Fig. 6(a). Gradual disordering of the oxygen sub-lattice can
be seen with increasing temperature. In the U–U correlation, we
can see that there are very little changes in the peak positions.
The plots at various temperatures almost overlap completely.
We can conclude that the U–U order is almost untouched by
the growing thermal disturbances. In case of U–O, little but subtle
changes can be seen with increase in temperature. But the max-
imum changes are seen in the O–O pair correlation, the peaks
broaden with temperature increase and at highest temperature
investigated, the probability of finding an oxygen atom is nonzero
at any point beyond a minimum distance. Similarly, the angle-
correlation changes in the O–U–O reveal more fluctuations and
a broader character as temperature is raised. From the above
discussion we can conclude that the disturbances in the crystal
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lattice accompanying the superionic transition are limited to the
oxygen sub-lattice alone.

5. Conclusions

A shell model has been successfully used to study the phonon
properties of uranium dioxide. The interatomic potential is able to
reproduce the elastic constants, bulk modulus, equilibrium lattice
constant, and phonon frequencies, which are in good agreement
with the reported data. The calculated phonon dispersion relation
is in very good agreement with the reported neutron scattering data.
There is no phonon softening in UO2 even up to high-pressures of
100 GPa. Partial densities of state of uranium and oxygen atoms
show that they contribute almost in the whole energy span up to
75 meV. There is a greater contribution of oxygen in the higher
energy side as compared to uranium, which contributes more on
the lower end. This may be explained with regards to their size
and mass. The calculated specific heat is in good agreement up to
about 1200 K but shows a slower rise as compared to the experimen-
tal data beyond which several other factors like crystal field effects,
electronic transitions, defect formation, etc., start to play role.

The diffusion coefficient calculated for oxygen ion shows a tran-
sition to the fast-ion phase at around 2300 K whereas in experi-
ment, it is seen to occur around 2670 K. At the transition
temperature, oxygen atom’s diffusion coefficient is comparable to
that of a liquid and is in the order of 10�9 m2/s. The pair correlation
functions for U–U, U–O and O–O and the angle distribution for
O–U–O bring out the following inferences. The pair correlations
for O–O just show a gradual broadening with increase in tempera-
ture from 300 K to 2550 K. The distortions in the lattice due to fast-
ion diffusion are highly localized, and the local environment re-
mains unchanged to a great extent. As a result, the lattice seems
more or less undisturbed. The interatomic potential formulated
for UO2 may be transferred to other similar actinide dioxides oxi-
des like ThO2, PuO2, etc., with suitable modifications to study their
vibrational and thermodynamic properties.
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