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Introduction 

Why do we need to validate atomic scale methods for the description of structural 
materials and nuclear fuel? 
Multi-scale approaches are developed to build more physically based kinetic and 
mechanical mesoscale models to enhance the predictive capability of fuel performance 
codes and increase the efficiency of the development of the safer and more innovative 
nuclear materials needed in the future. Atomic scale methods, in particular electronic 
structure calculations and empirical potential-based models, form the basis of this multi-
scale approach. It is therefore essential to know the accuracy of the results computed at 
this scale if we want to feed them into higher scale models. 

Atomic scale calculations have been used extensively on molecular and solid systems 
for the last thirty years. Electronic structure calculation methods, and in particular those 
based on Density Functional Theory (DFT), are powerful tools which yield precise and 
predictive results for a large number of solid and molecular systems [1-5]. Empirical 
potential-based methods, especially those associated with the use of molecular dynamics 
simulations, are effective to investigate thermodynamic and out-of equilibrium properties 
at finite temperature [6,7,8]. Numerous assessments of these methods have been 
performed over the years.  

The application to nuclear materials under irradiation and especially to fuels, however, 
is more delicate and calls for bespoke developments. On the one hand, actinide 
compounds are systems with strongly correlated electrons. This strong correlation, which 
is due partly to the localisation of the electrons near the nuclei, is difficult to model using 
standard electronic structure methods and empirical potentials, especially in solids. Newer 
and more expensive approximations must be used but their applications are limited by 
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their infrequent implementation in available codes, the efficiency of these codes and the 
current computational power at our disposal. On the other hand, irradiation induces 
complex phenomena in materials, in particular the creation of defects and fission products. 
The study of such complex systems, for which a large number of atoms should be 
considered, is again limited by the efficiency of the codes used and the available 
computational resources.  

A specific assessment of the atomic scale methods for the description of nuclear fuel 
under irradiation is therefore necessary. 

What do we need to validate?  
We need to assess the validity of the main approximations used in atomic scale modelling 
methods for the description of nuclear materials under irradiation. In particular, three 
aspects need to be investigated: 

• the quality of the description of interatomic interactions using electronic structure 
or empirical potential methods; 

• the validity of the methods used to calculate properties of interest, for instance to 
simulate radiation damage; 

• the effectiveness of the methods employed for the configuration space exploration, 
which yield the equilibrium structures and the energies of perfect and defective 
materials, as well as the migration paths between the various stable configurations. 

Reference data for the validation  

An important question is which reference data should be used for the assessment of 
the atomic scale methods.  

As seen in the chapters on density functional theory and empirical potentials, atomic 
scale methods yield equilibrium structures, cohesive energy, defect formation energies, 
incorporation energies for impurity atoms, migration energies through elementary or 
more complex processes, thermodynamic and elastic properties. Electronic structure 
methods also provide information on the electronic and magnetic properties. It is 
especially important to assess the accuracy of the energies obtained using the atomic scale 
methods, since these are the main data passed on to higher scale models. 

The most obvious choice of reference data seems to be experimental data and an 
important part of the validation is done by comparing the results of the atomic scale 
modelling methods with experimental results. Precise experimental results from X-ray 
diffraction, neutron scattering or absorption, transmission electron microscopy, positron 
annihilation or Raman spectroscopy, calorimetry or secondary ions mass spectrometry, 
combined with ion or in-pile irradiations can be used. 

But what happens if experimental results are lacking, if these results are uncertain 
(because of difficulty in obtaining them), if they are derived using several assumptions or 
models that may be inaccurate, if the comparison between model and experimental results 
can only be made through models and/or assumptions that may also be inaccurate, or, 
finally, if simply no technique exists that allows the property of interest to be measured? 
To design new and more precise experiments to get better data is a possible solution, but 
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it is not always applicable, either because of cost reasons or because increasing the 
precision would require advances in specific experimental techniques that may occur over 
years. Properties to measure which no technique exists may be deduced indirectly, but this 
generally occurs via the application of a model in which the sought property is an 
unknown parameter or variable while other parameters or variables are measurable: this 
implies a priori believing in the full validity of the model. An alternative is to validate 
against more precise calculations, which serve as reference. One of the advantages of this 
validation method is that specific approximations can be assessed while everything else 
remains equal. Often, however, reference calculations are not feasible on the systems of 
interest, especially complex solids. The comparison must then be done on simpler systems 
related to the systems of interest and the results must be extrapolated. A necessary 
condition for this type of validation is that a reference method must exist for the study of 
the specific properties investigated, even if it can only be used on model systems. This 
type of validation is very often used nowadays on molecular systems. However, these 
considerations should suffice to show that the validation of atomic level models is far 
from easy and no universal standard method can be identified. 

Objective of the chapter 

We focus here on the assessment of the description of interatomic interactions in 
uranium dioxide using, on the one hand, electronic structure methods, in particular in the 
Density Functional Theory (DFT) framework, and on the other hand, empirical potential 
methods. These two types of methods are complementary, the former enabling results to 
be obtained from a minimal amount of input data and further insight into the electronic 
and magnetic properties to be achieved, while the latter are irreplaceable for studies where 
a large number of atoms need to be considered. 

We consider basic properties as well as specific ones, which are important for the 
description of nuclear fuel under irradiation. These are especially energies, which are the 
main data passed on to higher scale models. For this exercise, we limit ourselves to 
uranium dioxide (UO2) because of the extensive amount of studies available on this 
system. 

Assessment of electronic structure calculations for the description of uranium 
dioxide under irradiation 

The DFT method with Hubbard U correction (DFT+U) has been used for several years 
now and is considered the most suitable one for UO2 and other systems involving 
actinides. Therefore we assess this method, instead of standard DFT. 

The present assessment is based: 

• on the one hand, on three extensive reviews of the application of the DFT+U 
method (and DFT to a smaller extent) on bulk and defect properties of actinide 
compounds, especially UO2, which were published recently; 

– the assessment of various functionals (DFT, DFT+U) for the description of 
electronic structure and bulk properties of UO2 done in the F-BRIDGE 
European project [9]; 
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– the assessment of DFT and DFT+U for the modelling of nuclear fuel materials
by Liu et al. [10], which focuses mainly on UO2, but also shows a few results on
other actinide compounds;

– the topical review by Dorado et al. [11] on the advances made in first-principles
modelling of UO2 and its points defects;

• on the other hand, on individual studies calculating specific properties which were
not included in the above-mentioned reviews.

Bulk uranium dioxide (fluorite phase) 

Table 1 shows the results of the calculations by various authors using the Local Density 
and Generalised Gradient Approximations with the Hubbard U correction (LDA+U and 
GGA+U) methods of various properties of crystalline UO2, namely the cell parameters, 
the bulk modulus, the cohesive energy and the band gap, as well as the measured values. 
The results shown in this table are taken from Tables 1 and 2 of the review by Dorado et 
al. [11] and Table 1 from the article by Liu et al. [10]. 

Structure: Cell parameter 

The fluorite phase is cubic (with a =b =c) and the admitted cell parameter measured at 
room temperature is 5.473 Å [12]. It can be seen from Table 1 that the cell parameter a is 
calculated to lie between 5.41 and 5.45 Å in LDA+U, and between 5.44 and 5.57 Å in 
GGA+U. The difference between a and c for several authors is due to the loss of 
symmetry induced by the approximate 1k antiferromagnetic order considered in the 
calculations. 

A reasonable agreement is observed between the results yielded by DFT+U and 
experimental data or the results from hybrid functionals or from the Self Interaction 
Correction (SIC) method despite a quite large span of cell parameters for similar 
functionals. The results show that calculation parameters beyond the exchange-correlation 
functional are important. As expected from the well-known overbinding character of 
LDA functionals [1,13], the bonds are shorter in LDA than GGA. The LDA results are 
below the experimental values while the GGA ones are mainly above them. 

It must be stressed, however, that calculations are done at 0 K while the experimental 
value is for room temperature. The assumption made for the comparison of calculated 
and measured values, which is standard in the atomic scale modelling community, is that 
in solids there is only a relatively small variation of the cell parameter as a function of 
temperature between 0 and 300 K (see Figure 3).  

Bulk modulus 

As shown in Table 1 of Dorado et al. [11], the bulk modulus values measured are between 
190 and 213 GPa, the most recent experimental value being 207 GPa. As shown in Table 1, 
the values calculated are between 196 and 222 in LDA+U; and between 180 and 209 in 
GGA+U, both in reasonable agreement with the experimental values.  
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Table 1. Properties calculated using DFT+U and LDA+U by various authors, as well as results of 
reference methods and experimental values 

                                 Property 
Author  
Year Approx 

a=b 
(Å) 

c 
(Å) 

B 
(GPa) 

Ec 
(eV) 

Gap 
(eV) 

LDA+U      
Geng 2007 [15] LSDA+U 5.44 5.44 208 32.8 1.5 
Andersson 2009 5.45 5.45 218   

Gryaznov 2009 LSDA+U 5.46 5.42 196 26.0 1.8 
Sanati 2011 [29] LSDA+U  5.45 5.45 221   
Dorado 2013 [25] LSDA+U 5.41 5.41 222 24.8 2.3 
      
GGA+U      

Yun 2005 PBE+U 5.44 5.44 209 20.3 1.8 
Iwasawa 2006 PBE+U 5.52 5.47 190  1.8 
Gupta 2007 PW91+U 5.52 5.52 209 21.7 1.8 
Geng 2007 [15] PBE+U 5.55 5.55 181 28.8 1.6 

Nerikar 2009 PW91+U 5.49 5.49   1.9 
Gryaznov 2009 PBE+U 5.57 5.51 180 23.0 1.9 
Gryaznov 2009 PW91+U 5.56 5.51 183 23.1 1.9 
Yu 2009 GGA+U 5.54 5.49  21.2 1.2 
Dorado 2009 PBE+U 5.57 5.49 187  2.3 

Devey 2011 [26] GGA+U 5.54 5.54 197  2.6 
Sanati 2011 [29] PBE+U 5.55 5.55 192   
Thompson 2011 [53] PW91+U 5.54 5.54 188  2.8 
Tian 2012 PBE+U 5.55 5.55 192 21.8 2.2 

      
Hybrid functionals      
Prodan 2006 PBE0 5.45 5.45 219  3.1 
Prodan 2006 HSE 5.46 5.46 222  2.4 
Jollet 2009 EECE 5.51 5.51 199  2.0 

      
Reference methods      
Petit 2010 SIC 5.47 5.47 219  2.6 
      

Experimental 5.47 5.47 190-213 21.9 2.0-2.5 
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Cohesive energy 

One experimental value exists for the cohesive energy of UO2: 21.9 eV [14]. Table 1 
shows that the LDA+U method yields cohesive energies from 24.8 to 32.8 eV, while 
GGA+U yields values from 20.3 to 23.1 eV with one isolated high value (28.8 eV by 
Geng [15]). It can be seen that the GGA results are in rather good agreement with the 
only available experimental value, the uncertainty on which is not assessed. In addition, 
the higher values yielded by LDA compared to GGA are consistent with the LDA 
overbinding character, as it was already the case for the cell parameter. This confirms the 
good description of UO2 by the DFT+U method. 

Electronic structure: Band gap 

The experimental values for the band gap of UO2 are 2.0 [20], 2.14 [16], 2.3 [17], 2.5 eV [18]. 
Reference calculations by Yin et al. [19] using the dynamical DFT+DMFT method yield a gap 
of 2.2 eV. 

Table 1 shows that the calculated values lay between 1.5 to 2.8 eV, which is a quite 
large interval. It must be noted that the band gap width depends strongly on the values of 
the Hubbard interaction and the exchange parameter (U and J, respectively). In recent 
calculations, however, U and J are not taken as parameters as they were in earlier 
calculations, but drawn from experimental results or from the results of ab initio 
calculations. The fact that the gap is correctly reproduced is then an indicator of the 
correct description of the UO2 bulk using DFT+U.  

Electronic structure: Density of states 

The density of states of UO2 was measured by a combination of bremsstrahlung 
isochromat, X-ray photoemission and X-ray absorption spectroscopies (BIS, XPS and 
XAS, respectively) [20,21]. Comparisons between DFT calculations and experimental 
results were done by Yu et al. using GGA+U [21] and Jollet et al. using LDA+U [22]. 

As shown in Figure 1 taken from Yu et al., the GGA+U results and the corresponding 
optical responses agree qualitatively well with the experimental results. The DFT+U 
method enables one to obtain a correct description of the various bands observed. They 
also enable one to determine the origin of the various bands and of the hybridisation of 
the orbitals and to prove that UO2 is an f-f Mott-Hubbard insulator. 

In addition, a reasonable agreement is observed on the densities of states calculated at 
the DFT+U and DFT+DMFT [19] levels for UO2. This confirms the correct description 
obtained using GGA+U.  

Magnetism 

Uranium dioxide is paramagnetic above 30.8 K and antiferromagnetic below this 
temperature (with a static Jahn-Teller distortion). The exact magnetic ordering of UO2 at 
low temperature is complicated and has long been a question of debate. The most recent 
experimental results indicate that UO2 exhibits a non collinear 3k order [23]. 

There are two detailed studies of the different magnetic phases of UO2 using DFT+U.  

Laskowski et al. [24] calculated the uranium electric field gradients (EFG) in 1k, 2k 
and 3k antiferromagnetic structures. By comparison between the calculated and 
experimental EFG he concluded that a 3k magnetic ordering inducing an additional 
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deformation of the oxygen cage is observed experimentally. The magnetic moments and 
the corresponding hyperfine fields agree reasonably well with the experiments. The 
energetic order between the various phases depends on the U and J and on other 
calculation parameters but the differences are very small, especially for a U parameter 
between 4 and 5 eV (<~0.05 eV / 4 UO2 units).  

Figure 1. Comparison of (1) combination of XPS, BIS and XAS experimental results, (2) GGA + U 
optical responses for the core levels of O 1s, U 4d5/2, and U 4f7/2 and (3) GGA + UO2p, U 6d 

and U 5ƒ partial density of states (U = 4.772, J = 0.511 eV) [21] 

 

Dorado et al. [25] studied the 1k antiferromagnetic, Curie-Weiss paramagnetic and 
ferromagnetic states of the fluorite phase. They found the paramagnetic phase to be the 
most stable for the fluorite without the Jahn-Teller distortion, in agreement with the 
experimental results above 30.8 K. The distorted AFM phase is, in turn, more stable than 
the non-distorted PM phase, also in agreement with the experimental results below 30.8 K. 
The results of these two studies show that the DFT+U method enables a correct 
description of the magnetic properties of bulk UO2. 

It must be noted that most authors of UO2 studies consider, especially for the 
calculation of defect properties, an approximate collinear anti-ferromagnetic order 
because of the very high computational costs needed for the study of the 3k AFM or of 

1 
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the paramagnetic phases. This approximation is justified by the fact that the three 
magnetic states exhibit only small differences in energy. 

Elastic constants  

The elastic constants measured for UO2, taken from Dorado et al. [11], are shown in Table 2, 
as well as the values calculated in GGA+U by Devey [26] for the AFM order and by Dorado 
et al. for the AFM and PM states [25]. 

Table 2. Elastic constants of UO2 calculated compared to the available experimental values 

                         Property 

Author  
c11 

(GPa) 

c12 
(GPa) 

c44 
(GPa) 

Devey 2011 [26] 361 115 64 

Dorado 2013 AFM [11] 401 132 94 

Dorado 2013 PM [11] 385 125 68 

Exp Wachtmann 1965 396 121 64 

Exp Fritz 1976 [75] 389 119 60 

 

The elastic constants calculated are in reasonable agreement with those measured and 
the agreement improves significantly when a paramagnetic state is considered. 

Figure 2. Phonon dispersion curves for the UO2 fluorite phase calculated using GGA+U at 295 K 
(dotted lines) and 1 200 K (solid lines) compared to the experimental measurements also at 295 K 

(blue symbols) and 1 200 K (red symbols) using inelastic neutron scattering [28] 

 

Phonons 

The phonon dispersion curves were measured by Dolling in 1965 [27] and much more 
recently by Pang et al. [28]. Calculations were performed by Devey [26], Sanati et al. [29], 
Wang et al. [30] and Pang et al. [28]. Figure 2 shows the comparison between the phonon 
dispersion curves measured and calculated by Pang et al. 

All studies show that the phonon modes and dispersion curves calculated for the UO2 
fluorite phase are in good agreement with available experimental values. They are also in 
good agreement with the DFT+DMFT results of Yin et al. [31]. Wang et al. have also 
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shown that the LO-TO splitting at the gamma point is successfully reproduced when the 
polarisation effects are included. 

Finite T properties 

Structural and energetic properties of UO2 were measured and calculated as a function of 
temperature. First, the evolution of the cell parameter as a function of T was determined 
experimentally by Taylor [32] and calculated using GGA+U by Wang et al. [30]. The 
evolution of the bulk modulus was also calculated but no experimental data are available 
for this parameter. 

Figure 3. Temperature dependence of lattice parameter of UO2 compared to experimental data 
and results from classical molecular dynamics [30,33] 

 

 

As shown in Figure 3, a good agreement is observed between the experimental and 
calculated evolution of the lattice parameter in the low-temperature domain. The 
calculated values, however, are lower than the experimental ones for temperatures higher 
than 800 K. The differences may come from the thermal electronic contribution and/or 
anharmonic effects. 

Second, the evolution of the specific heat and vibrational entropy as a function of 
temperature was calculated from the phonon density of states and compared to 
experiments by Sanati et al. [29] and Wang et al. [30]. 

Both studies show that the specific heat of the fluorite UO2 as calculated is in good 
agreement up to room temperatures. For higher temperatures, the harmonic 
approximation fails, and there is a significant deviation from the measured values. As for 
the entropy, it is systematically underestimated in a wide range of temperatures with 
respect to the experiments, even if its evolution with temperature is well reproduced in 
shape.  
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Figure 4. Temperature dependence of (a) specific heat at constant volume  
and (b) entropy of UO2 compared to experimental data [29] 

   

Conclusion on the description of bulk properties 

Uranium dioxide is a complex material with very specific properties. The comparison of 
DFT+U results with more precise approximations or experimental data on a wide range 
of properties shows that despite its shortcomings (static approximation, U parameter, 
difficulty of taking into account paramagnetism) this method enables one to obtain a good 
description of bulk uranium dioxide at 0 K. The parameters of the calculations, however, 
must be well controlled. The calculations of the properties of UO2 at finite temperature 
using electronic structure calculations are only beginning on this material, but the results 
are encouraging. 

Properties of defects 
The main difficulty in the evaluation of the DFT+U results on the properties of defects in 
uranium dioxide stems from the fact that this method is currently the most precise 
approximation applicable on defective systems. The assessment against more precise 
approximations is therefore impossible and can only be done against experimental results, 
which are, in turn, difficult or impossible to obtain. 

Structural properties of defects 

A linear decrease of the cell parameter of UO2+x is observed experimentally when x 
increases [34]. The relationship was determined as follows: a = (5.4705 – 0.1306x), i.e., a 
negative slope of 0.1306. The DFT+U calculations yield a decrease of the U-U distance in 
presence of neutral O interstitials and a slope of -0.1093 [35], which compares well with 
the experimental data. 

In addition, the good results of the first comparison of the positron lifetimes in UO2 
calculated using DFT+U with results of Positron Annihilation Spectroscopy (PAS) shows 
that the volume of defects, to which the positron lifetime is particularly sensitive, is well 
reproduced [36]. 

Formation energies of defects 

The formation energy is the most straightforward property to be calculated for a defect. It 
is, however, difficult to measure, and mostly determined through intermediate models. In 
addition, recent computational studies consider the various possible charge states for each 
defect. For charged defects, the formation energy depends not only on the stoichiometry, 
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but also linearly on the position of the Fermi level in the gap, i.e., the level of doping of 
the material. The comparison can in principle be made only with experiments at known 
stoichiometry and level of doping. 

Actual experimental data on formation energies in UO2 are scarce and concern only 
stoichiometric defects, i.e., the Frenkel pairs (association of a vacancy and an interstitial) 
and the Schottky defects (UO2 trivacancy). While several studies were performed on the 
oxygen Frenkel pair [37,38,39,40,41,42], only one value is available for each uranium 
Frenkel pair and Schottky defect [39,40]. The experimental energies available taken from 
Table 2 of Vathonne et al. [43] are given in Table 3. 

Since 2006, numerous DFT+U calculations have been performed for O and U 
interstitials (IO, IU), vacancies (VO, VU), Frenkel pairs (FPO and FPU) in the same supercell 
or separated, as well as infinitely separated and bound Schottky defects (ISD and BSD). 
The results of the various calculations for neutral and charged defects, taken from Table 3 
of Dorado et al. [11] and Table 1 of Vathonne et al. [43], are also shown in Table 3.  

A very large dispersion of the results on the individual defects and to a lesser extent 
on the stoichiometric defects can be seen in Table 3. This is due to two main reasons:  

• the now well-known problem of convergence to metastable states in DFT+U (see 
extensive discussion in [11]); 

• for individual defects, different references were used for the calculation of the 
defect formation energies (see the precise analysis in [43]). This reference problem 
disappears in the stoichiometric defects. 

It can be observed that taking into account charged defects leads to much lower 
defect energies. UO2 is strongly ionic, and the most stable charge for all defects is very 
close to their formal ionic charges. The results on stoichiometric defects calculated using 
the charged defects agree reasonably well with experimental data. It must be noted, 
however, that the comparison between calculated and experimental formation energies of 
defects is difficult and limited to a very small number of cases compared to all the defects 
calculated. This comparison should not be aimed at validation and calculation results 
validated through other means should ideally be used to help in the interpretation of the 
experimental results. 
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Table 3. Formation energies (in eV) of O and U interstitials, vacancies, Frenkel pairs and 
isolated and bound Schottky defects calculated by various authors, compared to the 

experimental data available [11,43] 

                 Ef (eV) 

   Author 
IO IU VO VU FPO FPU ISD BSD 

         

Neutral defects 

Iwasawa 1965 -0.4 4.7 4.5 8.4 4.1 13.1   

Gupta 2007 -1.6 8.2 5.6 6.0 4.0 14.2 7.2  

Geng 2008     5.4 17.2 10.6  

Nerikar 2009 -1.3 6.1 5.3 9.0 4.0 15.1 7.6  

Yu 2011 -2.4 2.5 5.1 4.5 2.6 7.0 3.6  

Tiwary 2009 3.9 10.1 7.4      

Dorado 2010 [9] -0.1 10.4 5.4 10.4 5.3 15.8 10.7  

Andersson 2011 [58]     5.3  10.2  

Hong 2012   4.9 9.7     

         

Charged defects 

Andersson 2011 [58]     3.3-3.4  6.0 6.4 

Crocombette 2012     4.2  6.4  

Vathonne 2014 [43]     2.4-2.6 9.1-10.9 4.2 4.6 

         

Experimental 

Clausen 1984 [37]     4.6 ±0.5    

Murch 1987 [38]     4.1    

Matzke 1987 [39]     3.5 ±0.5 9.5  6.5 ±0.5 

Staicu 2005      3.8 ±0.5    

Konings 2013 [42]     3.3    

 

Migration energies of defects 

Diffusion coefficients, i.e., activation energies to the diffusion and diffusion prefactors, 
are the most commonly available experimental data on defects. However, the 
experimental conditions, which have a significant influence on the results, are not always 
precisely known and models are needed for the comparison between experimental and 
computational results. This makes the assessment of the data calculated quite challenging.  

The activation energies measured and calculated using DFT+U for the oxygen 
migration through vacancy and interstitial mechanisms are given in Table 4. These 
activation energies involve also the formation energy of the moving defect, and not only 
its migration energy. 
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Table 4. Activation energies to the oxygen self-diffusion through interstitial and vacancy 
mechanisms compared to the experimental data available 

                Ea (eV) 

   Author 
Vacancy Interstitial 

   

Dorado 2011 [46] 0.67 0.88 

Dorado 2012 [49] - 0.63 

   

Experimental 

Review Belle 1969 [44]  1.0-1.3 

Kim 1981 [45] 0.51 ± 0.13 - 

Review Matzke 1987 [39] 0.5-0.6 0.8-1.0 

Dorado 2011 [46]  0.75 ± 0.08 

 

It can be seen from Table 4 that there is a good agreement among the most recent 
experimental results and between the calculated and experimental activation energies for 
the O self-diffusion. 

Only a few studies were performed on the uranium self-diffusion. For the interstitial 
uranium migration, there is only one experimental value by Soullard: 0.3 eV [47] and one 
calculated migration energy calculated by Dorado et al.: 4.1-4.3 eV. In addition, Table 5 
lists the experimental and calculated activation energies for uranium migration through a 
vacancy mechanism.  

Table 5. Activation energies to the uranium self-diffusion (in eV) through vacancy 
mechanism compared to the experimental data available 

                Ea (eV) 

   Author 
Stoichiometric UO2 UO2+x 

   

Andersson 2011 [48] 7.2 4.2 

Dorado 2012 [49] 3.1-3.9  

   

Experimental 

Review Belle 1969 [44] 2.3-4.5 3.0-4.6 

Review Matzke 1987 [39] 5.6 2.6 

 

A very large scatter is observed in both the experimental and calculated energies for 
the vacancy mechanism, while there is a clear mismatch between DFT+U and the 
experiments for the interstitial migration. An encouraging fact, however, is that the 
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qualitative difference between stoichiometric and hyperstoichiometric UO2 reported by 
Matzke is reproduced by Andersson’s calculations.  

A thorough investigation of cation self-diffusion under precise experimental 
conditions and further calculations taking into account the migration of charged defects 
and various deviations of stoichiometry are needed to enable a precise assessment of the 
calculation results. 

Conclusion on the description of defects 

An encouraging agreement is observed between DFT+U and experimental data for defect 
formation energies and the O self-diffusion. But comparison between calculated and 
experimental energies of defects is extremely difficult, since it needs a detailed knowledge 
of the experimental conditions and involves additional models.  

Incorporation and migration of rare gases 
Description of bonds formed between rare gases and materials 

As in the case of defects, the comparison between calculations and experiments is 
complicated for the behaviour of rare gase in UO2. In addition, it is now well known that 
the standard DFT approximations mainly used for solid systems (LDA, GGA, hybrid 
functionals) do not enable a correct description of the dispersive (van der Waals) bonds 
formed between rare gases [50,51]. They yield either largely overestimated binding 
energies or non-bonding interactions. The validity of the description of these standard 
functionals for interactions between rare gases and open-shell atoms which form materials 
is thus an open question. 

A first validation study of the DFT description of the bonds between rare gases and 
open-shell atoms was performed on model molecular systems containing rare gases for 
which precise experimental data are available and reference post-Hartree-Fock 
calculations (CCSD(T) using large basis sets) are feasible [52].  

The results of this investigation show that, when the rare gas shares density with the 
neighbouring atoms, the GGA functionals yield good geometries and qualitatively correct 
binding energies, even if these are significantly overestimated. The use of hybrid 
functionals enables one to obtain good geometries and satisfactory binding energies. For 
compounds in which the rare gas forms weak dispersive-like bonding, the accuracy 
yielded by the various functionals is not as good. No functional gives satisfactory binding 
energies for all the association compounds investigated. Several GGA and hybrid 
functionals yield correct geometries, even if some isomers are not obtained.  

The results of this study must be confirmed on more solid systems, for instance small 
clusters simulating the first coordination spheres of the rare gas incorporated in a material. 

Incorporation energies 

Several DFT+U studies have been published on the incorporation of rare gases in UO2. 
Thompson et al. [53] studied the incorporation of He, Ne, Ar, Kr, Xe as interstitials in 
Schottky defects. Brillant et al. [54] determined the stability of various fission products, 
including Kr and Xe, as a function of stoichiometry and temperature. Geng et al. [55] 
investigated the stability of Xe in various defects. Finally, Liu et al. [56] studied the 
incorporation of Xe, Cs and Sr in various defects and segregation to other phases. No 
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comparison with experiments, however, was possible since no experimental incorporation 
energies are available.  

Diffusion activation energies  

The atomic diffusion of Xe in UO2 was studied by several authors, in particular Davies, 
Miekeley, Cornell, Kaimal, [24,26-28], [61]. The migration of Kr was the subject of only 
two investigations, by Auskern [56] and more recently by Michel et al. [57]. 

Results of calculations are currently only available for Xe in UO2. A few DFT+U 
studies without comparison with experiments, by Andersson et al. [58], Liu et al. [59] and 
Thompson et al. [60], were published. An extensive investigation of the vacancy-assisted 
migration of Xe considering several possible traps and mobile assisting defects was, 
however, published recently by Andersson et al. [61]. A detailed comparison with 
experiments was performed taking into account the stoichiometry and the experimental 
chemical conditions using a specific point defect model, as well as a diffusion model. 
Table 6 presents a review of the activation energies measured by various authors and the 
lowest calculated Xe activation energies for intrinsic diffusion in UO2±x as a function of 
stoichiometry. 

Table 6. Measured and lowest calculated Xe activation energies  
for intrinsic diffusion in UO2±x [61] 

                Ea (eV) 
Conditions UO2-x UO2 UO2+x 

O2   0.80 
H2  2.93  
W  3.94  
Mo  3.92  
Ta 6.39   
    
Experimental 

Davies 1963  3.04 Mo crucible 
in H2 flow gas  

Cornell 1969  3.95 ±0.61 Unknown 
crucible in H2 flow gas  

Miekeley 1972 
6.0 ± 0.1 Ta 

Knudsen cell in 
vacuum 

3.9 ± 0.4 W crucible in 
vacuum 1.70 ± 0.4 Pt crucible in O2(g) 

Kaimal 1989  2.87 Unknown crucible in 
He flow gas  

The experimental conditions (crucible, gas) are listed below each reference value. 

The comparison between the model predictions and the available experimental data 
for Xe diffusion in UO2-x, UO2 and UO2+x is encouraging. In particular, the calculated 
activation energies agree, at least qualitatively, with available experimental results. The 
stoichiometry of the samples, which is controlled by temperature and the chemistry of the 
experimental set-up, is a key parameter for Xe diffusion, since it governs the 
concentration and the type of assisting defects Xe trap site. In order to compare 
modelling and experimental results, it is critical to have a detailed knowledge of the 
experimental (in particular chemical) conditions. Then there are still uncertainties in the 
calculations of the defect energies, in particular related to the dependence on calculation 
parameters, the entropies and the charge state of defects and in the intermediate models 
used for the comparison. 
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Conclusion on the description of rare gas behaviour 

An encouraging agreement is observed between DFT+U and experimental data for the 
atomic migration of Xe in UO2. These encouraging results, however, should be confirmed 
on other fission products, gaseous and non-gaseous. But, as in the case of defects, it is 
very complex to compare the results of the calculations on the behaviour of rare gases 
with experimental data.  

Conclusion on DFT+U description of UO2 under irradiation  
The analysis of the numerous studies performed on uranium dioxide proves that the 
DFT+U method enables a good description of the structural, electronic and energetic 
properties of bulk UO2. In addition, an encouraging agreement is observed between 
DFT+U results and the experimental data for defect formation energies, oxygen self-
diffusion and atomic diffusion of xenon in UO2. The comparison between calculated and 
experimental results on the behaviour of defects and fission products, however, is 
extremely difficult since it needs a detailed knowledge of the experimental conditions and 
involves additional models. This comparison should therefore not be really denoted as 
“validation”, but results of calculations should ideally be used to help in the interpretation 
of the experiments and in the determination of elementary mechanisms. The assessment 
of formation, incorporation and migration energies should be done through comparison 
with more precise approximations. This remains to be done since approximations beyond 
DFT+U are currently not applicable to the size of systems needed to investigate defects 
due to their computational cost. More controlled experiments involving a precise 
knowledge of the stoichiometric conditions and doping level are also needed.  

Assessment of empirical potentials for UO2  

Structural and elastic properties of bulk fluorite UO2 
The results for structural and mechanical properties of the UO2 fluorite phase using a 
large number of rigid-ion potentials are shown in Table 7.  

Most of the properties like the cohesive energy Ecoh, the lattice constant a0, the bulk 
modulus B0 and even the derivative of the bulk modulus are well reproduced by most 
rigid-ion potentials. This is not a surprise as these properties are usually employed for the 
fitting of the potentials. A major deficiency of all rigid-ion potentials is the description of 
the elastic constants c12 and c44. None of the rigid-ion potentials can properly reproduce the 
2:1 ratio of the constants c12 and c44 and thus the shear modulus of UO2.  

In contrast, core-shell models are able to fix this deficiency of the rigid-ion potentials 
while keeping an accurate description of the other structural and mechanical properties, as 
shown in Table 8. 

In total, almost all core-shell potentials provide a quite satisfactory description of the 
considered structural and elastic properties of UO2. Especially, recent core-shell potentials 
like those of Meis [81] or Read [82] show a quite balanced description. Today’s 
computational power allows an exhaustive exploration of the parameter space given a 
functional form of the pair potentials. Hence a significant overall improvement of the 
results for this functional form of the empirical potential is rather unlikely, i.e., improving 
one property causes most likely a worsening of another one at the same time. A further 
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important issue is the numerical robustness of the empirical potential, especially for 
simulations at elevated temperatures. This is a limiting issue for core-shell potentials, 
because the probability for a so-called polarisation catastrophe increases with the kinetic 
energy of the atoms. Usually a shell particle stays close to its core particle, but this is no 
longer true for an increasing kinetic energy of the particles. A polarisation catastrophe can 
occur when two atoms get too close to each other. In this case, the strong Coulomb 
attraction between the core particle of one atom and the shell particle with opposite 
charge of the other atom can cause a collapse. Due to this fact, core-shell potentials can 
only be employed for UO2 Classical Molecular Dynamics (CMD) simulations up to 
roughly 2 000 K. For the same reason, a direct simulation of fuel melting or of 
displacement cascades is not feasible using core-shell potentials. 

Table 7. Structural and elastic properties of UO2 for various rigid-ion models [62] 

                           Property 

 

Potential 

Ecoh 
(eV) 

a0 

(Å) 

c11 
(GPa) 

c12 
(GPa) 

c44 
(GPa) 

B0 

(GPa) 
𝒅𝒅𝑩𝑩𝟎𝟎

𝒅𝒅𝒅𝒅  

Arima1 [63] -103.0 5.4532 479.5 100.7 95.8 227.0 3.6 

Arima2 [63] -50.9 5.4545 435.4 113.7 106.3 220.9 5.3 

Basak [64] -43.2 5.4547 408.4 59.3 59.6 175.7 4.4 

Grimes [65] -105.6 5.4619 523.0 145.5 147.0 271.4 3.9 

Karakasidis [66] -100.6 5.4657 367.9 86.8 70.5 180.5 3.1 

Lewis1 [67] -103.6 5.3893 426.1 120.5 119.7 222.3 3.5 

Morelon [68] -65.9 5.4475 216.2 78.5 78.6 124.4 3.3 

Sindzingre [69] -100.7 5.4488 369.2 85.4 65.7 180.0 3.1 

Tharmalingam [70] -103.0 5.4104 472.2 95.3 84.5 220.9 3.5 

Walker [71] -104.1 5.3284 470.3 101.6 89.7 224.5 3.5 

Yakub [72] -37.0 5.4440 345.3 70.1 66.8 161.8 4.6 

Yamada [73] -45.6 5.4667 419.0 57.2 54.5 177.8 4.3 

Experiment [74,75,76] -106.7 5.4731 389.3 118.7 59.7 208.9 4.7 
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Table 8. Structural and elastic properties of UO2 for various core-shell models [62] 

                           Property 

 

Potential 

Ecoh 
(eV) 

a0 

(Å) 

c11 
(GPa) 

c12 
(GPa) 

c44 
(GPa) 

B0 

(GPa) 
𝒅𝒅𝑩𝑩𝟎𝟎

𝒅𝒅𝒅𝒅  

Busker [77] -104.5 5.4683 531.9 120.5 119.1 257.7 3.9 

Catlow1 [78] -103.1 5.4506 419.2 124.6 66.5 222.8 3.5 

Catlow2 [78] -94.5 5.5211 434.0 99.2 57.6 210.8 3.7 

Grimes [65] -105.6 5.4619 523.0 145.5 89.4 271.3 3.9 

Jackson1 [79] -103.1 5.4479 427.8 125.0 67.1 225.9 3.9 

Jackson2 [79] -103.4 5.4516 396.8 131.1 73.8 219.7 3.4 

Lewis2 [80] -103.6 5.3900 425.9 120.4 88.7 222.3 3.5 

Lewis3 [80] -103.5 5.3815 426.0 118.3 50.1 220.9 3.5 

Meis [81] -100.8 5.4688 387.6 116.1 59.9 206.6 4.1 

Read [82] -101.9 5.4693 390.5 115.5 58.3 207.2 3.5 

Experiments [74,75,76] -106.7 5.4731 389.3 118.7 59.7 208.9 4.7 

 

Thermal properties 
Heat capacity 

The value of heat capacity at constant pressure calculated by classical molecular dynamics 
simulation of UO2 shows good agreement with experimental results, while there is some 
discrepancy between CMD simulation and experiment for PuO2, as shown by  
Arima et al. [63]. Several potentials, in particular those by Kurosaki [85], Basak [64],  
Arima [63], and Yakub [72], are able to reproduce the variation of the lattice constant with 
temperature in the range from 300 to 2 500 K for UO2, PuO2 and U0.8Pu0.2O2. The trend 
in the variation of the bulk modulus of UO2 and PuO2 with temperature is also 
reproduced by MD simulations [63,83]. 

Thermal conductivity 

The calculation of the thermal conductivity 𝜅𝜅  can be performed by non-equilibrium 
molecular dynamics (NEMD), which involves setting up a heat source and a heat sink in 
the simulation cell and directly relating the heat flux to the temperature gradient [84]. 
Alternatively, in Equilibrium Molecular Dynamics (EMD) simulations, it is calculated 
from the auto-correlation of the heat current using the Green-Kubo formula, based on 
the fluctuation dissipation theorem [85], that reads: 

𝜅𝜅 =
1

3𝑘𝑘B𝑇𝑇2𝑉𝑉 
�〈𝑱𝑱(𝑤𝑤) ⋅ 𝑱𝑱(0)〉
∞

0

𝑑𝑑𝑤𝑤 

Here 𝑘𝑘B is the Boltzmann constant, 𝑇𝑇 is the temperature, 𝑉𝑉 is the volume, 𝑤𝑤 is time, 
and 𝑱𝑱(𝑤𝑤)  is the heat current [63]. MD simulations tend to overestimate the thermal 
conductivity of UO2 and PuO2 at room temperature, but the agreement with experimental 
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data is improved in the temperature range 800 to 2 000 K [63,86]. EMD simulations of 
UO2+x show that conductivity decreases with increasing temperature in the temperature 
range from 900 to 2 000 K and oxygen parameter x ranging from 0 to 0.09 [84]. The 
change in 𝜅𝜅  with x was attributed to scattering by excess oxygen ions, while the 
temperature dependence for x = 0 was attributed to the anharmonic Umklapp process. In 
real nuclear fuel, the thermal conductivity will also be influenced by voids, bubbles, grain 
boundaries and extended defects, which have been mostly neglected in simulations to date. 
A recent NEMD simulation has made a start in this direction by considering poly-
crystalline, albeit pure, UO2 [84]. The simulation cell contained columnar grains with an 
average grain size of about 4 nm. The results were compared to findings for mono-
crystalline UO2 using two different potentials. The potentials significantly overestimated 
the thermal conductivity of the single crystal, and the discrepancy with experimental data 
was reduced when an anharmonic correction was introduced. The experimentally 
observed decrease with increasing temperature was reproduced. The calculated 𝜅𝜅 value of 
the nano-crystalline sample was an order of magnitude smaller than that of the mono-
crystal, which shows that CMD simulations are able to capture the grain boundary 
scattering. However, the 𝜅𝜅 values calculated using the two potentials differ by a factor of 
two. This study suggests that the potential should provide a good fit to the elastic 
properties and thermal expansion to correctly model thermal transport [86]. A rigorous 
survey of 26 interatomic potentials has found that rigid-ion potentials overestimate 𝜅𝜅 , 
while core-shell potentials produced values of 𝜅𝜅 in good agreement with experiment [87].  

Melting temperature 

The simulated melting temperature 𝑇𝑇𝑚𝑚  is another important property, because it is 
relevant for a reliable fuel simulation under accident conditions or for the simulation of 
irradiation damage (displacement cascades). In Table 9, the simulated melting 
temperatures of UO2 are shown for some rigid-ion potentials. The agreement with the 
experimental value of about 3 140 K is reasonable, however, in general most of the 
potentials predict a too high melting temperature. Especially the Yamada potential gives a 
melting temperature which is by far too high.  

Table 9. Melting temperature of bulk UO2 for selected rigid-ion potentials [9,88] 

               Property 

 

Potential 

Tm (K) 

Basak 3540 

Morelon 3500 

Sindzingre 3150 

Walker 3435 

Yamada 4155 

Experiment [89] 3147 
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A simulation of the melting process with core-shell potentials is not feasible as 
explained in the previous sections. This is a major drawback of this potential type. 

Relative stability of the different UO2 phases 
In addition to the influence of temperature, the behaviour of UO2 depending on external 
pressure (equation of state) should be also reproduced properly by an empirical potential. 
It is known from experiment [90,12] that UO2 changes from a fluorite-type structure 
(space group 𝐹𝐹𝐹𝐹3𝐹𝐹) to an orthorhombic cotunnite-type structure (space group Pnma) 
under pressure. The transition pressure is 42 GPa.  

Based on theoretical and experimental results obtained for iso-structural compounds [91], 
uranium dioxide should transform under tensile load either into a scrutinyite-type (α-PbO2 
structure, space group Pbcn) or a rutile-type (space group P42/mnm) structure. The stability 
of the three UO2 phases (fluorite, cotunnite, α-PbO2) has been studied using static 
calculations by Fossati et al. [92]. Figure 5 shows the energy versus volume curves for 
these UO2 phases obtained with the Morelon potential. The energies are normalised per 
UO2 formula unit, allowing a direct comparison of the energies. The transition pressures 
for the α-PbO2 and the rutile-type phase has been found to be equal to about −10 GPa. 
These two phases are almost energetically degenerate. 

Figure 5. Free energies as a function of the volume for three different UO2 phases, at low density 
the most stable phase is the α-PbO2 structure and at high density  

the most stable phase is the cotunnite structure [93] 

 

 

Four of the most used empirical potentials for UO2, namely those by Morelon, Arima, 
Basak, and Yakub, have been compared with DFT calculations [92]. The results are 
shown in Table 10. The Morelon potential has been found to be the most accurate one to 
describe the different uranium dioxide polymorphs. The empirical simulation results are 
consistent with DFT calculations and experimental data. 
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Table 10. Transition pressures in GPa between different UO2 phases calculated with DFT-
GGA and four empirical potentials, as well as experimental values [92] 

Transition [GPa] Morelon Arima Basak Yakub DFT Experiment 

𝐹𝐹𝐹𝐹3𝐹𝐹 → 𝑃𝑃𝑛𝑛𝐹𝐹𝑎𝑎 48 57 10 1.3 28 42 [12], 29 [90] 

𝐹𝐹𝐹𝐹3𝐹𝐹 → 𝑃𝑃𝑏𝑏𝑐𝑐𝑛𝑛 -10 -6 -1.7 -1.4 -10 
 

𝐹𝐹𝐹𝐹3𝐹𝐹 → 𝑃𝑃42/𝐹𝐹𝑛𝑛𝐹𝐹 -9 -5 -1.7 -1.9 -11  

Defect formation energ ies 
The accurate description of the formation energies of various defect types is crucial for 
the reliable description of the UO2 transport properties. Tables 11 and 12 show the 
formation energies for oxygen and uranium Frenkel pairs (infinite distance) using various 
rigid-ion and core-shell potentials, respectively. 

Table 11. Frenkel pair formation energies (rigid-ion models) [94,95] 

                           Ef (eV) 

 

Potential 

FPO FPU 

Arima1 6.7 24.0 

Arima2 7.9 22.8 

Basak 5.8 16.7 

Grimes 9.0 32.8 

Karakasidis 4.7 19.1 

Lewis1 6.7 25.1 

Morelon 3.8 15.4 

Sindzingre 4.3 18.5 

Tharmalingam 5.9 22.0 

Walker 5.8 22.1 

Yakub 5.6 15.8 

Yamada 5.8 18.2 

DFT+U [43,48] 2.4-3.4 9.1-10.9 

Experiment [39,37] 
3.0-4.0 

4.6 ± 0.5 
9.5 

 

The agreement with the experimental value for oxygen is satisfactory, but by far too 
high for uranium. The measurement of such defect formation energies, however, is 
difficult and thus the experimental value might also be unreliable. The comparison with 
the Frenkel pair (FP) formation energies obtained using DFT+U (see Table 3) shows that 
all empirical potentials overestimate the FP formation energies both for oxygen and 
uranium. This implies that defect configurations are excessively unstable compared to the 
undistorted configuration. This might be due to the fact that the empirical potentials are 
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mostly parameterised using properties of the ideal fluorite structure and no information 
about the energetics of defective configurations is directly considered during the fitting 
procedure. 

The core-shell potentials show almost the same pattern as the rigid-ion potential (see 
Table 12). The O Frenkel pair formation energies are slightly lower on average. There is 
no qualitative change in the Frenkel pair formation energies for U. A possible explanation 
for this result is that current core-shell potentials consider the non-bonded interaction 
between the oxygen anions and in a more simplified manner between the oxygen anions 
and the uranium cations, but the non-bonded interactions among the uranium cations is 
ignored, i.e., it is reduced purely to their electrostatic interaction with the other atoms. Just 
the consideration of polarisability effects for the uranium cations using a core-shell model 
is obviously insufficient for a qualitative improvement of the FPU formation energies. This 
would imply that the energetics of the U atoms in off-equilibrium positions needs the 
development of more suitable mathematical formalisms to be described better by 
empirical potentials.  

Table 12. Frenkel pair formation energies for various core-shell models [94,95] 

 
                        Ef (eV) 

 

Potential 

FPO FPU 

Busker 6.3 22.0 

Catlow1 5.0 18.3 

Catlow2 5.0 16.2 

Grimes 6.8 23.7 

Jackson1 5.1 18.5 

Jackson2 4.8 18.7 

Lewis2 5.3 20.0 

Lewis3 5.1 19.0 

Meis 4.5 17.9 

Read 4.5 17.1 

DFT+U [43,48] 2.4-3.4 9.1-10.9 

Experiment [39,37] 
3.0-4.0 

4.6 ± 0.5 
9.5 

 

An assessment of the Schottky defect formation energies is very difficult. There are 
only a few  experimental data and the calculation of these energies using DFT+U is also 
difficult due to the limited model system sizes of a few hundreds atoms accessible by 
DFT+U simulations. Table 13 displays the available experimental and the currently best 
DFT+U results for the Schottky defect formation energies for an infinitely separated and 
for a bound Schottky defect. There is a clear spread in the formation energies for the 
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Isolated Schottky Defect (ISD) with a tendency to values larger than the ones obtained 
with DFT+U, whereas the Bound Schottky Defect (BSD) shows a rather fair agreement. 

Table 13. Infinitely separated (ISD) and Bound Schottky Defect (BSD)  
formation energies for various rigid-ion models [9,96] 

                             Ef (eV) 

 

Potential 

ISD (eV) BSD (eV) 

Arima1 10.2 4.5 

Basak 10.8 5.7 

Morelon 8.0 3.9 

Sindzingre 6.3 2.5 

Tiwary 7.1 ― 

Walker 8.3 3.5 

Yamada 13.5 8.2 

DFT+U [43,48] 4.2 - 6.0 4.6 - 6.4 

Experiment [39] ― 6.5 ± 0.5 

 

Defect migration energ ies 
An accurate estimation of the defect migration barriers by the employed empirical 
potential is crucial for the reliable simulation of transport phenomena in UO2. Table 14 
lists the migration energies for the oxygen interstitial Io, the oxygen vacancy Vo, the 
uranium interstitial IU, and the uranium vacancy VU, as well as the DFT+U values. The 
comparison cannot be directly made with experiments, which measure the diffusion 
activation energy which is generally different from the migration energy, because it 
includes the defect formation energy, which is moreover affected by a wide uncertainty, 
preventing a clear deduction of the migration energy from there. 

In recent years, a fair agreement has been achieved between DFT+U simulations and 
experiment for the Io, and Vo migration energies (see also Table 4). Thus, for both 
quantities, the validation of the corresponding energies obtained with various empirical 
potentials can be performed on the DFT+U values. For the migration of U defects, the 
situation is less clear, as shown in the section on the DFT+U description of the migration 
of uranium defects (see also Table 5). 

The rigid-ion potentials of Arima, Basak, Morelon, and Yamada give reasonable values 
whereas the other potentials show often a too low or even no barrier and thus these are 
not suited for the simulation of transport processes in UO2. Results yielded by these 
potentials on U defects are also in agreement with the DFT+U results. Even the 
potentials failing for the O migration work reasonably for the U migration. 
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Table 14. Defect migration energies (in eV) for various rigid-ion models [9,62,88] 

              Em (eV) 

 

Potential 

Io Vo Iu Vu 

Arima1 0.52 0.24 4.39 5.53 

Arima2 1.73 0.57 4.27 5.32 

Basak 1.04 0.27 3.54 4.09 

Karakasidis 0.07 0.04 2.72 3.69 

Lewis1 (0.69) 0.46 4.01 6.19 

Morelon 0.69 0.34 2.35 3.88 

Sindzingre 0.00 0.00 2.53 3.24 

Tharmalingam 0.09 0.11 3.92 4.48 

Walker 0.09 0.13 3.72 4.58 

Yamada 0.89 0.27 3.74 4.30 

DFT+U [46,49] 0.9 0.7 4.1-4.3 3.6-4.8 

 

Table 15. Defect migration energies for various core-shell models [9,62,88] 

              Em (eV) 

 

Potential 

Io Vo Iu Vu 

Busker  0.70 0.33 5.84 6.62 

Catlow1 not conv. 0.54 4.44 5.18 

Catlow2 0.21 0.32 4.29 4.67 

Grimes 1.02 0.72 5.84 6.74 

Jackson1 0.61 0.55 4.46 5.23 

Jackson2 0.73 0.62 4.51 not conv. 

Lewis2 not conv. 0.44 4.49 5.48 

Lewis3 not conv. 0.47 3.64 4.51 

Meis 0.62 0.54 3.55 4.58 

Read 0.34 0.46 3.85 4.69 

DFT+U [46,49] 0.9 0.7 4.1-4.3 3.6-4.8 

 

The corresponding migration energies calculated using various core-shell potentials 
are shown in Table 15. The potentials of Busker, Jackson, Meis, and Read show a decent 
agreement with DFT+U results. The optimisation of the minimum energy path for the 
migration of oxygen interstitials using the climbing-image nudged elastic band (CI-NEB) 
method did not converge (not converged table entries) for several potentials. A closer 
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inspection revealed that these potentials are rather fragile with respect to close contacts 
between neighbouring atoms, as described above (polarisation catastrophe). Due to these 
instabilities, these potentials are basically not well suited for any kind of dynamical 
simulations. 

Nevertheless, disregarding these numerical problems, all core-shell potentials describe 
reasonably both the oxygen and the uranium migration. 

Behaviour of rare gases in UO2 
The incorporation energies of noble gas atoms into an interstitial site of UO2 strongly 
depends on the size of the noble gas atom due to the strain caused by its insertion. 
Empirical potentials seem to overestimate the incorporation energies compared to recent 
calculations at the DFT and DFT+U level. On the other hand, Thompson et al. have 
shown that the solution energies of noble gas atoms being inserted into a pre-existing 
Schottky defect clusters show a reasonable agreement between empirical potential and 
DFT+U calculations [53]. 

The migration barriers of a Xe atom hopping between three types of Schottky defects 
were also evaluated by Thompson et al. [60]. The Arima potential overestimates all barrier 
energies compared to DFT+U, whereas the Tiwary potential underestimates all the barrier 
energies. The Morelon and the Basak potential show a fair agreement with the DFT+U 
diffusion barriers. Especially, the Morelon potential, which was fitted to experimental 
defect energetics and migration barriers, agrees well with DFT+U for both the barrier 
heights and the defect energetics. Adding Xe to a tetra-vacancy is electrostatically highly 
unfavourable. 

Conclusion on the assessment of the empirical potentials 
Lattice constants, bulk modulus, and the cohesive energy are well reproduced by most of 
the empirical potentials as these properties are usually employed for the potential fitting. 
The elastic constants, especially the shear modulus, are poorly described by rigid-ion 
potentials whereas core-shell potentials perform very well for elastic properties in general. 
The melting temperature is only accessible by rigid-ion potentials, by which it is usually 
overestimated. Core-shell potentials are not suited for simulations at higher temperatures 
(>2 000 K), which limits their applicability in many cases. The relative stability of various 
phases under tensile and compressive load is represented satisfactorily by rigid-ion 
potentials. The defect formation energies for UO2 are still too high, especially for uranium, 
whereas the migration energies are in reasonable agreement compared to experiment and 
electronic structure calculations. A better description of uranium is one of the major 
challenges for the future development of empirical potentials. The different oxidation 
states of uranium and the dependence on the actual chemical environment of the U atoms 
have to be better reflected by the new empirical potentials, while keeping the accuracy for 
oxygen and the other material properties. A potential that will satisfactorily reproduce all 
the relevant properties of irradiated nuclear fuel appears to be out of reach at present, and 
one has to judiciously choose a potential that is tailored to a subset of properties of 
interest for the simulation. 
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Empirical potentials are irreplaceable for many studies that need a large number of 
atoms to be considered. It is therefore important to improve them and continue their 
assessment. The following issues remain for future development and validation: 

• go beyond pure UO2 and rare gases, e.g., consider chemical interactions with non-
gaseous fission products and dopants; 

• better describe deviation from stoichiometry; 

• assess the potentials for atomic configurations far from equilibrium (e.g. molten 
fuel); 

• assess the transferability of the available empirical potentials (U oxidation states, 
fixed U charge, preference for pristine UO2); 

• go to improved, more sophisticated empirical potentials for UO2 systems based on 
alternative possibly more sophisticated functional forms like new potentials beyond 
the two-body approximation [97]; 

• construct a broader database of consolidated and reliable experimental and 
theoretical results. 

Conclusion and future challenges 

Significant work has been done on the assessment of electronic structure and empirical 
potential methods for the description of uranium dioxide. The analysis of the numerous 
studies performed on uranium dioxide proves that the DFT+U method and current 
empirical potentials enable a good description of the properties of bulk UO2. In addition, 
an encouraging agreement is observed between modelling results and the experimental 
data for the defect formation energies, the oxygen self-diffusion and the atomic diffusion 
of xenon in UO2. This is an important point since this is mainly what atomic scale models 
transfer to higher scale models. 

This is a work in progress because of the complexity of the task and of the continuous 
improvements in the approximations. This assessment also needs to be done on other 
actinide compounds. Then, more controlled experiments involving a precise knowledge 
of the stoichiometry and doping level of the material are needed. It is important, however, 
that these studies are continued, since it is an important driving force for the 
improvement of the state-of-the-art in the calculations. 

A better description of uranium ions in uranium dioxide is one of the major challenges 
of the atomic scale models: 

• Concerning electronic structure calculations, it is necessary to go beyond the 
DFT+U method, even if this is only possible on model systems. 

• For empirical potentials, the different oxidation states of uranium and the 
dependence on the actual chemical environment of the U atoms must be better 
reflected by the new empirical potentials, while keeping the accuracy for oxygen 
and the other material properties. 
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The comparison between calculated and experimental results on the behaviour of 
defects and fission products, however, is extremely difficult, since it needs a detailed 
knowledge of the experimental conditions and involves additional models. This 
comparison should not be denoted as “validation”, but calculation results should ideally 
be used to help in the interpretation of the experimental results and in the determination 
of elementary mechanisms. The assessment of formation, incorporation and migration 
energies should be done through comparison with more precise approximations. 

Acknowledgements 

The authors wish to express their gratitude to L. Malerba for valuable insight and careful 
reading of the manuscript. R. Devanathan was supported by the US Department of 
Energy (DOE) Nuclear Energy Advanced Modeling and Simulation (NEAMS) program 
at Pacific Northwest National Laboratory – a multiprogram laboratory operated for DOE 
by Battelle.  

References 

[1] Koch, W., M.C. Holthausen (2000), A Chemist’s guide to Density Functional Theory, 
Wiley-VCH, Weinheim. 

[2] Fulde, P. (1995), Electron correlations in Molecules and Solids, Springer, Berlin. 

[3] Ziegler, T. (1991), Chemical Reviews, 91, 651. 

[4] Ziegler, T. (1995), Canadian Journal of Chemistry, 73, 743. 

[5] Freysoldt, C., B. Grabowski, T. Hickel, J. Neugebauer, G. Kresse, A. Janotti,  
C.G. van de Walle (2014), Reviews of Modern Physics, 86, 253. 

[6] Rapaport, D.C. (2007), The Art of Molecular Dynamics Simulation, Cambridge University 
Press, Cambridge. 

[7] Leach, A. (2001), Molecular Modelling: Principles and Applications, Pearson Prentice Hall. 

[8] Tadmor, E.B., R.E. Miller (2012), Modeling Materials: Continuum, Atomistic and 
Multiscale Techniques, Cambridge University Press. 

[9] Bertolus, M. et al. (2010), “Development and assessment of atomistic modelling 
methods for the investigation of fuel materials under operational conditions”, F-
BRIDGE Deliverable D-221, www.f-bridge.eu.  

[10] Liu, X-Y., D. Andersson, B. Uberuaga (2012), Journal of Materials Science, 47, 7367. 

[11] Dorado, B., M. Freyss, B. Amadon, M. Bertolus, G. Jomard, P. Garcia (2013), Journal 
of Physics: Condensed Matter, 25, 333201. 

[12] Idiri, M., T. Le Bihan, S. Heathman, J. Rebizant (2004), Physical Review B, 70, 014113. 

[13] Becke, A.D. (1995), “Exchange-correlation approximations in density-functional 
theory”, Modern Electronic Structure Theory, Part II, World Scientific, Singapore. 

[14] Kelly, P.J., M. Brooks (1987), Journal of the American Chemical Society, Faraday Trans. 2 
83, 1189. 

272 
 



NEA/NSC/R(2015)5 

[15] Geng, H.Y., Y. Chen, Y. Kaneta, M. Kinoshita (2007), Physical Review B, 75, 054111. 

[16] Killeen, J. (1980), Journal of Nuclear Materials, 88, 185. 

[17] Bates, J., C. Hinman, T. Kawada (1967), Journal of American Ceramic Society, 50, 652. 

[18] Myers, H., T. Jonsson, R. Westin (1964), Solid State Communications, 2, 321. 

[19] Yin, Q., A. Kutepov, K. Haule, G. Kotliar, S.Y. Savrasov, W.E. Pickett (2011), 
Physical Review B, 84, 195111. 

[20] Baer, Y., J. Schoenes (1980), Solid State Communications, 33, 885. 

[21] Yu, S.-W., J. Tobin, J. Crowhurst, S. Sharma, J. Dewhurst, P. Olalde-Velasco,  
W. Yang, W. Siekhaus (2011), Physical Review B, 83, 165102. 

[22] Jollet, F., T. Petit, S. Gota, N. Thromat, M. Gautier-Soyer, A. Pasturel (1997), Journal 
of Physics: Condensed Matter 9, 9393. 

[23] Wilkins, S.B., R. Caciuffo, C. Detlefs, J. Rebizant, E. Colineau, F. Wastin,  
G.H. Lander (2006), Physical Review B 73, 060406(R). 

[24] Laskowski, R., G.K. H. Madsen, P. Blaha, K. Schwarz (2004), Physical Review B, 69, 
140408. 

[25] Dorado, B., P. Garcia (2013), Physical Review B, 87, 195139. 

[26] Devey, A. (2011), Journal of Nuclear Materials, 412, 301.  

[27] Dolling, G. et al. (1965), Canadian Journal of Physics, 43, 1397. 

[28] Pang, J.W.L. et al. (2013), Physical Review Letter, 110, 157401. 

[29] Sanati, M., R. Albers, T. Lookman, A. Saxena (2011), Physical Review B, 84, 014116. 

[30] Wang, B.-T., P. Zhang, R. Lizárraga, I. Di Marco, O. Eriksson (2013), Physical Review B, 
88, 104107. 

[31] Yin, Q., S.Y. Savrasov (2008), Physical Review Letter, 100, 225504. 

[32] Taylor, D. (1984), British Ceramic Transactions, 83, 32. 

[33] Arima, T. et al. (2009), Journal of Nuclear Materials, 389, 149. 

[34] Teske, K., H. Ullmann, D. Rettig (1983), Journal of Nuclear Materials, 116, 260. 

[35] Dorado, B. (2010), Ph.D. thesis, Université de la Méditerranée Aix-Marseille II. 

[36] Wiktor, J., G. Jomard, M. Torrent, M.-F. Barthe, M. Freyss, M. Bertolus (2014), 
Physical Review B, 90, 184101. 

[37] Clausen, K., W. Hayes, J.E. Macdonald, R. Osborn, M.T. Hutchings (1984), Physical 
Review Letter, 52, 1238. 

[38] Murch, G.E., C.R.A. Catlow (1987), Journal of Chemical Society, Faraday Trans. II 83, 
1157. 

[39] Matzke, Hj. (1987), Journal of Chemical Society, Faraday Trans II 83, 1121. 

[40] Matzke, Hj. (1990), Journal of Chemical Society, Faraday Trans. II 86, 1243. 

273 
 



NEA/NSC/R(2015)5 

[41] Staicu, D. et al. (2010), Journal of Nuclear Materials, 397, 8. 

[42] Konings, R., O. Benes (2013), Journal of Physics and Chemistry of Solids, 74, 653. 

[43] Vathonne, E., J. Wiktor, M. Freyss, G. Jomard, M. Bertolus (2014), Journal of Physics: 
Condensed Matter, 26, 349601. 

[44] Belle, J. (1969), Journal of Nuclear Materials, 30, 3. 

[45] Kim, K.C., D.R. Olander (1981), Journal of Nuclear Materials, 102, 192. 

[46] Dorado, B. et al. (2011), Physical Review B, 83, 035126. 

[47] Soullard, J. (1976), Contribution à l’étude des défauts de structure dans le bioxyde d’Uranium, 
Ph.D. thesis Faculté des Sciences de Poitiers, report CEA-R-4882 CEN Fontenay-
aux-Roses, France.  

[48] Andersson, D., B. Uberuaga, P. Nerikar, C. Unal, C. Stanek 92011), Physical Review B, 
84, 054105. 

[49] Dorado, B. et al. (2012), Physical Review B, 86, 035110. 

[50] van Mourik, T., R.J. Gdanitz (2002), Journal of Chemical Physics, 116, 9620. 

[51] Zhang, Y., W. Pan, W. Yang (1997), Journal of Chemical Physics, 107, 7921. 

[52] Bertolus, M., M. Major, V. Brenner (2012), Physical Chemistry Chemical Physics, 14, 553. 

[53] Thompson, A.E., C. Wolverton (2011), Physical Review B, 84, 134111. 

[54] Brillant, G., F. Gupta, A. Pasturel (2011), Journal of Nuclear Materials, 420, 170. 

[55] Geng, H.Y., Y. Chen, Y. Kaneta, M. Kinoshita, Q. Wu (2010), Physical Review B, 82, 
094106. 

[56] Liu, X.-Y., B.P. Uberuaga, K.E. Sickafus (2009), Journal of Physics, Condensed Matter, 21, 
045403. 

[57] Auskern, A. (1960), US Report WAPDTM-185. 

[58] Michel, A. (2011), Etude du comportement des gaz de fission dans le dioxyde d'uranium: 
mécanismes de diffusion, nucléation et grossissement de bulles, Ph.D. thesis, Université de 
Caen, France. 

[59] Andersson, D.A., B.P. Uberuaga, P.V. Nerikar, C. Unal, C.R. Stanek (2011), Physical 
Review B, 84, 054105. 

[60] Liu, X.-Y., B.P. Uberuaga, D.A. Andersson, C.R. Stanek, K.E. Sickafus (2011), 
Applied Physics Letters, 98, 151902. 

[61] Thompson, A.E., C. Wolverton (2013), Physical Review B, 87, 104105. 

[62] Andersson, D.A. et al. (2014), Journal of Nuclear Materials, 451, 225. 

[63] Krack, M. (2012), Materials Research Society Symposium Proceedings, 1383, MRSF11-1383-
a03-11. 

[64] Arima, T., S. Yamasaki, Y. Inagaki, K. Idemitsu (2005), Journal of Alloys and 
Compounds, 400, 43. 

274 
 



NEA/NSC/R(2015)5 

[65] Basak, C.B., A.K. Sengupta, H.S. Kamath (2003), Journal of Alloys and Compounds, 360, 
210. 

[66] Grimes, R.W.,C.R.A. Catlow (1991), Philosophical Transactions of the Royal Society of 
London A, 335, 609. 

[67] Karakasidis, T.,P.J.D. Lindan (1994), Journal of Physics: Condensed Matter, 6, 2965. 

[68] Lewis, G.V., C.R.A. Catlow (1985), Journal of Physics C: Solid State Physics, 18, 1149. 

[69] Morelon, N.D., D. Ghaleb, J.M. Delaye, L. van Brutzel (2003), Philosophical Magazine, 
83, 1533. 

[70] Sindzingre, P., M.J. Gillan (1988), Journal of Physics C: Solid State Physics, 21, 4017. 

[71] Tharmalingam, K. (1971), Philosophical Magazine, 23, 199. 

[72] Walker, J.R., C.R.A. Catlow (1981), Journal of Physics C: Solid State Physics, 14, L979. 

[73] Yakub, E., C. Ronchi, D. Staicu (2007), Journal of Chemical Physics, 127, 094508. 

[74] Yamada, K., K. Kurosaki, M. Uno, S. Yamanaka (2000), Journal of Alloys and 
Compounds, 307, 10. 

[75] Benson, G.C., P.J. Freeman, E. Dempsey (1963), Journal of the American Ceramic Society, 
46, 43. 

[76] Fritz, I.J. (1976), Journal of Applied Physics,47, 4353. 

[77] Robach, O. et al. (2011), Journal of Applied Crystallography, 44, 688. 

[78] Abramowski, M., R.W. Grimes, S. Owens (1999), Journal of Nuclear Materials, 275, 12. 

[79] Catlow, C.R.A. (1977), Proceedings of the Royal Society of London, Ser. A 353, 533. 

[80] Jackson, R.A., A.D. Murray, J.H. Harding, C.R.A. Catlow (1986), Philosiphical 
Magazine A, 53, 27. 

[81] Lewis, G.V., C.R.A. Catlow (1985), Journal of Physics C: Solid State Physics, 18, 1149. 

[82] Meis, C., A. Chartier (2005), Journal of Nuclear Materials, 341, 25. 

[83] Read, M.S.D., R.A. Jackson (2010), Journal of Nuclear Materials, 406, 293. 

[84] Arima, T. et al. (2006), Journal of Alloys and Compounds, 415, 43. 

[85] Watanabe, T., S.B. Sinnott, J.S. Tulenko, R.W. Grimes, P.K. Schelling, S.R. Phillpot 
(2008), Journal of Nuclear Materials, 375, 388. 

[86] Yamasaki, S., T. Arima, K. Idemitsu, Y. Inagaki (2007), International Journal of 
Thermophysics, 28, 661. 

[87] Kurosaki, K. et al. (2001), Journal of Nuclear Materials, 294, 160. 

[88] Chernatynskiy, A., C. Flint, S. Sinnott, S. Phillpot (2012), Journal of Materials Science, 
47, 7693. 

[89] Govers, K., S. Lemehov, M. Hou, M. Verwerft (2008), Journal of Nuclear Materials, 376, 66. 

[90] Manara, D. et al. (2005), Journal of Nuclear Materials, 342, 148. 

275 
 



NEA/NSC/R(2015)5 

[91] Benedict, U. (1994), Journal of Alloys and Compounds, 213-214, 153. 

[92] Sayle, T.X.T., D.C. Sayle (2010), ACS Nano 4, 879. 

[93] Fossati, P.C.M., L. van Brutzel, A. Chartier, J.-P. Crocombette (2013), Physical Review B, 
88, 214112. 

[94] van Brutzel, L., P. Fossati, R. Grimes, D. Parfitt, S. Murphy (2011), “Thermo-
mechanical properties of complex microstructures”, F-BRIDGE Deliverable D-224; 
www.f-bridge.eu. 

[95] Devynck, F., M. Iannuzzi, M. Krack (2012), Physical Review B, 85, 184103. 

[96] Krack, M. unpublished data. 

[97] Govers, K., S. Lemehov, M. Hou, M. Verwerft (2007), Journal of Nuclear Materials, 
366, 161. 

[98] Cooper, M.W.D., M.J.D. Rushton, R.W. Grimes (2014), Journal of Physics: 
Condensed Matter, 26, 105401. 

 

276 
 




