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a b s t r a c t

Density functional theory (DFT)-based ab initio methods become standard research tools in various
research fields, including nuclear materials science. However, having strongly correlated f-electrons,
lanthanide- and actinide-bearing nuclear materials are computationally challenging for DFT methods
and straightforward DFT calculations of these materials can easily produce false results. In this contri-
bution we benchmark the DFT þ U method, with the Hubbard U parameter derived ab initio, for pre-
diction of structural and thermochemical parameters of nuclear materials, including various actinide-
bearing molecular complexes and lanthanide-bearing monazite- and xenotime-type prospective
ceramic nuclear waste host forms. Our studies show that the applied DFT þ U method improves
significantly prediction of DFT by producing results with uncertainties similar to those of the higher
order, but computationally unfeasible ab initio methods, and the experimental data, and thus allows for
reliable and feasible ab initio computation of even chemically complex nuclear materials.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The growing availability of computational power increases the
role of ab initio atomistic modeling calculations in various research
fields, including nuclear materials science (Chroneos et al., 2013;
Jahn and Kowalski, 2014). The methods of computational quan-
tum chemistry, mainly Density Functional Theory (DFT), are
applied on regular basis in nuclear research, including research on
nuclear waste forms (e.g. Chroneos et al. (2013), Li et al. (2014),
Jiang et al. (2009)). Unfortunately, the standard DFT approaches
such as LDA or GGA approximations often fail to adequately
describe the properties of f-electrons-bearing molecules and crys-
talline solids (Shamov et al., 2007; Schreckenbach and Shamov,
2010; Wen et al., 2013a; Beridze and Kowalski, 2014). For
instance, the error of the reaction enthalpies predicted by DFT is

usually unacceptably large (~ 100 kJ/mol for U-bearing molecular
complexes (Shamov et al., 2007; Schreckenbach and Shamov, 2010;
Iche-Tarrat and Marsden, 2008; Beridze and Kowalski, 2014)). DFT
also fails on qualitative level describing even the simplest actinide
oxides (AnO2) as metals instead of semiconductors (Wen et al.,
2013a).

Several benchmarking theoretical studies were performed to
show the performance of different ab initio methods for actinide-
bearing molecular complexes and crystalline solids (e.g. Wen
et al. (2013b); Schreckenbach and Shamov (2010); Iche-Tarrat and
Marsden (2008); Shamov et al. (2007); Beridze and Kowalski
(2014); Odoh and Schreckenbach (2010); Schreckenbach (2000); de
Jong et al. (2001)). For the reaction enthalpies it has been shown
that DFT often fails, giving large errors and thus application of more
accurate but computationally intensive methods of computational
quantum chemistry, such as hybrid functionals (PBE0, B3LYP or
HSE), MP2 or CCSD(T), is suggested (Wen et al., 2013a; Shamov
et al., 2007; Schreckenbach and Shamov, 2010). The dramatic in-
crease in the computational cost required by these methods,
comparing to efficiency of DFT, limits the applicability of ab initio
simulation techniques to studies of only simple molecular or solid
compounds. This prevents calculation of chemically complex
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systems, such as, for instance, solid solutions that are of special
interest in nuclear waste management. In our previous studies we
extensively tested the DFT þ U method (Anisimov et al., 1991;
Liechtenstein et al., 1995; Cococcioni and de Gironcoli, 2005),
which is a computationally cheap extension of DFT that accounts
for electronic correlations using the Hubbard model (Himmetoglu
et al., 2014). We obtained excellent results for the enthalpies of
reactions involving uranium-bearing molecular complexes and
solids (Beridze and Kowalski, 2014) and the structural and ther-
modynamic properties of monazite- and pyrochlore-type ceramics
(Blanca-Romero et al., 2014; Li et al., 2015; Kowalski and Li, 2016),
with errors of the computed quantities that are comparable to re-
sults of above-mentioned higher order ab initio methods. In this
contribution we performed subsequent benchmarking studies of
the performance of DFT þ U method, with the Hubbard U param-
eter derived ab initio using the linear response approach of
Cococcioni and de Gironcoli (2005) (hereafter we name themethod
DFT þ ULR), for the prediction of structural and thermodynamic
parameters of simple, actinide-bearing molecular complexes con-
taining actinides other than U, namely Np, Pu and Am. We also
extended our previous studies of monazite-type ceramics (Blanca-
Romero et al., 2014) into calculations of xenotime-type phosphates,
a stable LnPO4 phase for late lanthanides (beyond Tb). The main
goal was to perform further tests of the performance of DFT þ ULR
method for the actinide- and lanthanide-bearing compounds in
order to check the general applicability of this method for calcu-
lation of materials relevant for nuclear waste management.

2. Computational details

The calculations were performed using plane-wave DFT
Quantum-ESPRESSO code (Giannozzi et al., 2009). We applied the
PBE (Perdew et al., 1996) and PBEsol (Perdew et al., 2008)
exchange-correlation functionals. We chose these particular func-
tionals because they are real ab initio, i.e. not empirically designed,
functionals that are also most commonly used. The scalar relativ-
istic ultrasoft pseudopotentials were used to represent the core
electrons and the 6s26p65f36d17s2 electrons of uranium atom,
6s26p65f46d17s2 electrons of neptunium atom, 6s26p65f67s2 of
plutonium atom and 6s26p65f77s2 electrons of americium atom
were treated explicitly. We applied 50 Ryd plane-waves energy cut-
off. The atomic systems and molecules were relaxed to equilibrium
positions with the maximum component of residual forces on the
ions being less than 0.005 eV/Å. The equilibrium molecular ge-
ometries were confirmed by supplementary calculations of the
vibrational frequencies in a similar way as in the studies of Beridze
and Kowalski (2014). For the purpose of DFT þ U calculations the
atomic f-orbitals produced by uspp-736 package (Vanderbilt, 1990)
were used as projectors and the elements of response matrices
needed for calculation of the Hubbard U parameter values were
derived by the finite differences following the procedure of
Cococcioni and de Gironcoli (2005). The Hubbard U parameter
values were derived for all molecular and solid compounds dis-
cussed in this paper. We computed a monazite series (LnPO4) with
different lanthanide Ln ¼ Tb, Dy, …, Yb using 2 � 2 � 2 k-points
grids. The calculations of solids were performed by relaxing the
lattice parameters and the ionic positions so that the resulting
pressure was 0 GPa with a tolerance of 0.01 GPa and all the cal-
culations details are identical to the ones used by Blanca-Romero
et al. (2014). Because spin-orbit interaction can be significant for
actinides we computed the spin-orbit contributions to the total
energies and the reaction enthalpies using the non-collinear spin-
polarized approach implemented in Quantum-ESPRESSO code. For
the studies of monazite and xenotime we performed two types of
standard DFT calculations: (1) f-in-the-valence (FV) approach

treating f-electrons explicitly and (2) f-in-the-core (FC) approach
modeling f-electrons by the pseudopotential, i.e. not computing
them explicitly. The abbreviations of the two pseudopotential ap-
proaches will be used through the paper.

3. Results and discussion

3.1. Actinide-bearing molecular complexes

The aim of these studies was to test if the DFT þ ULR approach,
which was shown by Beridze and Kowalski (2014) to significantly
improve the predicted enthalpies of reactions involving uranium-
bearing complexes, also performs so well for other actinide ele-
ments. Therefore, we have studied the reactions between various
fluorides, chlorides and oxides containing U, Np, Pu and Am in
different valence state (U(I-VI), Np(I-IV,VI), Pu(I-IV,VI),Am(III,VI)).
The considered reaction are given in Table 1. We selected the re-
actions and the molecular compounds for which there exist the
structural and the thermochemical data: the experimental mea-
surements (Guillaumont et al., 2003; Morss et al., 2011; Hay and
Martin, 1998; Seip, 1965; Kimura et al., 1968) and the theoretical
calculations (Averkiev et al., 2011; Zaitsevskii et al., 2013; Shamov
et al., 2007; Han, 2001), which allows us for a meaningful bench-
marking of the computational method.

In Table 2 we provide the Hubbard U parameter values derived
for each actinide compound by the linear response approach of
Cococcioni and de Gironcoli (2005). As illustrated in Fig. 1, the
Hubbard U parameter value decreases with decreasing the oxida-
tion state of the actinide, with a potential minimum for An(II) and
slight increase for An(I). This shows that the trend we found for
uranium-complexes (Beridze and Kowalski, 2014) holds also for the
other actinides.

The considered hexafluorides and tetrahalogenides of U, Pu and
Np were optimized in Oh and Td symmetry respectively. Trihalo-
genides of the four actinides were optimized in C3v symmetry (see
Fig. 2). All dioxide molecules have planar geometry with the 180�

oxygen-actinide-oxygen bond angle. The UO3 and PuO3 molecules
have T shaped geometry with the dihedral angle of 180�. There are
only few experimentally measured structures of the molecules in
the gas phase that are available for comparison. The structural
parameters of UF6, PuF6 and NpF6 are presented in Table 3. Out of
the considered computational methods PBE functional gives the
worst agreement for the actinide-fluoride bond distance, which is
consistent with the previous finding for UeF bond length (Beridze
and Kowalski, 2014). PBEsol functional results in much better
agreement with the experiment, which is expected as discussed by
Csonka et al. (2009) and Beridze and Kowalski (2014). The differ-
ences between the experimental and the computed values are only
0.010 Å for UF6, 0.015 Å for NpF6 and 0.023 Å for PuF6 which is at the
accuracy level of more computationally intensive hybrid

Table 1
List of the 22 considered reactions involving the gas-phase actinide-bearing
molecules.

(1) UF6/UF4þ 2F (12) PuF4 / PuF3þ F
(2) UF4 / UF3þ F (13) PuF3 / PuF2þ F
(3) UF3 / UF2þ F (14) PuF2 / PuFþ F
(4) UF2 / UFþ F (15) PuCl4 / PuCl3þ Cl
(5) UCl4 / UCl3þ Cl (16) AmF6 / AmF3þ 3F
(6) NpF6 / NpF4þ 2F (17) UO3 / UO2þO
(7) NpF4 / NpF3þ F (18) UO2 / UOþO
(8) NpF3 / NpF2þ F (19) NpO2 / NpOþO
(9) NpF2 / NpFþ F (20) PuO3 / Pu2þO
(10) NpCl4 / NpCl3þ Cl (21) PuO2 / PuOþO
(11) PuF6 / PuF4þ 2F (22) AmO2 / AmOþO

G. Beridze et al. / Progress in Nuclear Energy 92 (2016) 142e146 143



Download English Version:

https://daneshyari.com/en/article/1740279

Download Persian Version:

https://daneshyari.com/article/1740279

Daneshyari.com

https://daneshyari.com/en/article/1740279
https://daneshyari.com/article/1740279
https://daneshyari.com

