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a b s t r a c t

To investigate the solubility of cerium in La2Ti2O7, the density functional theory plus Hubbard U
correction (DFT þ U) approach is employed. The geometrical structure, solution energy and electronic
structure of La2�yCeyTi2O7 (0 � y � 2) have been analyzed. The results reveal that the La2Ti2O7eCe2Ti2O7

solid solution exits over the entire range of cerium content. The calculated increase in the O48f positional
parameter, x, with increasing cerium content, may indicate the increased radiation resistance. The results
of the density of states distribution and the Bader charge for each ion in La2Ti2O7eCe2Ti2O7 solid solution
suggest that cerium exhibits a reduced charge state in the solid solution.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The safe disposal of high level nuclear waste, especially the
“minor” actinides (237Np, 241Am þ 243Am, and 244Cm) generated by
the nuclear fuel cycle and the fissile Pu from dismantled nuclear
weapons, remain major challenges in developing strategies for
advanced fuel cycles [1e3]. In recent years, there has been great
interest in using materials with fluorite-related structures as host
phase for the immobilization of plutonium and “minor” actinides
[2,4e12]. Pyrochlore compounds are closely related to the fluorite-
structure (AX2), except that there are two cation sites and one-
eighth of the anions are absent. They demonstrate an enormous
range of physical, chemical, and electronic properties depending on
the composition and the degree of disorder on the cation sites [13].
Therefore, they have been used as hosts for oxidation catalysts [14],
ceramic thermal barrier coatings [15,16], and solid electrolytes in
high temperature fuel cells [17]. In particular, these materials have
long been considered as the potential host phases for the immo-
bilization of the “minor” actinides and plutonium [2,18].

Titanate pyrochlores have been considered as the primary host
phases of the high level nuclear waste for their chemical durability
[2]. Numerous experimental and theoretical efforts have been
made to investigate the properties and the radiation resistance of
them [3,5,7,8,13,19e24]. Furthermore, the solubility of Pu in tita-
nate pyrochlores has been studied by Shoup et al. [8]. They
prepared and identified Pu2Ti2O7 via X-ray diffraction and esti-
mated the solubility limit of Pu2Ti2O7 in A2Ti2O7 (A¼Gd, Er and Lu).
The results they obtained agree well with the solubility of Ce2Ti2O7
in the same cubic pyrochlore hosts [25]. As Pu is not easily studied
experimentally, and Pu and Ce share many common chemical and
crystallochemical properties, Ce has often been used as a nonra-
dioactive surrogate for Pu [18,26e30]. Although the solubility limit
of Ce2Ti2O7 in A2Ti2O7 (A ¼ Gd, Er and Lu) has been found by
experiment [25], the solubility of Ce in La2Ti2O7 has not been
investigated by now. Recently, density functional theory plus
Hubbard U correction (DFT þ U) have been applied to investigate
the solubility of Ce in La2Zr2O7 and Gd2Zr2O7 by X. J. Wang et al.
[18,31]. Their calculations indicated that cerium was soluble in
La2Zr2O7 and Gd2Zr2O7, which agreed well with the experiments
conducted by Kulkarni et al. [32] and Lian et al. [33].

In present work, the so-called DFT þ U approach is also
employed to study the solubility of cerium in La2Ti2O7. The
geometrical structure, solution energy and electronic structure of
La2�yCeyTi2O7 have been analyzed. The main purpose of this paper
is to provide an atomic level understanding of cerium incorporation
in La2Ti2O7, including a fundamental insight into the charge states
and the energetics for Ce in La2Ti2O7. For the pure end member,
La2Ti2O7 pyrochlore has been investigated by Zhang et al. [19] and
Xiao et al. [24], Pruneda et al. [43], and Chartier et al. [44].
Furthermore, the Ce2Ti2O7 pyrochlore structure has also been ob-
tained by solegel methodology under reductive atmosphere by
M�onica Martos et al. [57]. In a sense, this research will provide
guidance for further researches in experiments.
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2. Calculational method

All the calculations are performed with the Vienna Ab Initio
Simulation Package (VASP) using the projector augmented wave
method [34e37]. The generalized gradient approximation (GGA)
parametrized by Perdew and Wang is adopted to treat the
exchange-correlation effects [38]. The lattice parameters and in-
ternal atomic positions of all structures are fully relaxed using a
conjugate gradient scheme. Computations are performed with
Fig. 1. The optimized structure of La2�yCeyTi2O7 (y ¼ 0, 0.5, 1.0, 1.5, 2.0). The yellow, purp
respectively. (For interpretation of the references to colour in this figure legend, the reader
4� 4� 4 k-point sampling in reciprocal space and a cutoff energy of
520 eV for the plane wave basis set, with spin-polarized effects
considered. The Hubbard U correction is introduced using the
method proposed by Dudarev et al. [39], in which the parameter U,
reflecting the strength of on-site Coulomb interaction, and
parameter J, adjusting the strength of exchange interaction, are
combined into a single parameter Ueff ¼ UeJ. The value we
employed is Ueff(Ce) ¼ 5.0 eV, as proposed by Andersson et al. and
X. J. Wang et al. [18,31,40].
le, sky-blue, and red spheres represent the cerium, lanthanum, titanium and oxygen,
is referred to the web version of this article.)
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Table 1
Crystal structure refinement results for La2�yCeyTi2O7. The calculated lattice constant a0(Å), the x positional parameter for 48f-site oxygen and bond distance (Å) are also
shown.

a0 xO48f d<La-O48f> d<La-O8b> d<Ce-O48f> d<Ce-O8b> d<Ti-O48f>

y ¼ 0 10.434 0.32255 2.614 2.259 _ _ 1.994
Theo. 10.52 [24] 0.322 [24] 2.64 [24] 2.27 [24] e e 2.00 [24]

10.541 [44] 0.323 [44] 2.63 [44] 2.28 [44] e e 2.02 [44]
10.366 [43] 0.3227 [43] 2.59 [43] 2.24 [43] e e 1.98 [43]

y ¼ 0.5 10.418 0.32270 2.608 2.263 2.595 2.233 1.994
y ¼ 1 10.410 0.32286 2.607 2.262 2.604 2.246 1.990
y ¼ 1.5 10.401 0.32313 2.610 2.268 2.587 2.247 1.992
y ¼ 2 10.362 0.32478 e e 2.579 2.244 1.989

Table 2
Incorporation and solution energies (eV) for Ce in La2Ti2O7 with the different pseudopotential of ceriuma.

x 0.5 1 1.5 2

Defect formation energy PW91(Ce) 2.857 7.148 12.113 16.299
PW91(Ce_3) 2.858 7.149 9.814 16.299

Incorporation energy PW91(Ce) �3.160 �10.113 �15.601 �17.812
PW91(Ce_3) �3.633 �8.694 �12.126 �19.373

Solution energy PW91(Ce) �0.303 �2.965 �3.488 �1.513
PW91(Ce_3) �0.775 �1.545 �2.312 �3.074

a PW91(Ce), Ce 4f electron is considered as the valence electron in this pseudopotential; PW91(Ce_3), Ce 4f electron is not considered as the valence electron in this
pseudopotential.
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3. Results and discussion

3.1. Crystal structure and structural properties of La2�yCeyTi2O7

(0 � y � 2)

The ideal pyrochlore structure has the space group Fd3m that
derives from the MO2 fluorite like arrangement of atoms. There
are eight molecules of the general formula A2B2O6O0 in the unit
cell. The A and B metal cations occupy the 16d (0.5, 0.5, 0.5) and
16c (0, 0, 0) sites, respectively, and the oxygen is in the 48f (x,
0.125, 0.125) and 8b (0.375, 0.375, 0.375) positions (using Wyckoff
notation). An unoccupied interstitial site 8a (0.125, 0.125, 0.125) is
surrounded by four B ions, and the “vacancies” at 8a site are or-
dered on the anion sublattice [41,42]. The cubic pyrochlore
structure can be completely determined by two independent
parameters which are the internal parameter x for the O48f po-
sitions and the lattice parameter a0. In order to study the solu-
bility of Ce in La2Ti2O7, La is replaced with Ce at different
concentrations, resulting in La2�yCeyTi2O7 (y ¼ 0, 0.5, 1.0, 1.5, 2.0).
The configurations of these compositions are illustrated in Fig. 1. A
full structural relaxation for La2Ti2O7 containing different Ce
content was performed. Each composition is found to be ener-
getically stable. The relaxed lattice sizes and the internal posi-
tional parameter xO48f for Ce substituted La2Ti2O7 together with
available theoretical results are given in Table 1 [24,43,44]. It is
found that there is a slight increase in xO48f and decrease in lattice
constant with increasing cerium content. Generally, the x
parameter has been used as an indicator of the degree of disorder
in pyrochlore structures. For an ideal pyrochlore structure, the
value of x would be 0.3125 and 0.375 for the disordered defect-
Table 3
Bader charge (jej) for each ion in La2�yCeyTi2O7 (y ¼ 0, 0.5, 1.0, 1.5, 2.0).

y Ce La Ti O48f O8b

0 e 2.0826 2.2419 1.2163 1.3415
0.5 2.1555 2.0738 2.2312 1.2192 1.3256
1 2.1336 2.0759 2.2439 1.2176 1.3418
1.5 2.1142 2.0725 2.2441 1.2190 1.3249
2 2.1030 e 2.2434 1.2252 1.3591
fluorite structure. Experimentally, it has been reported that
pyrochlore compositions with larger 48f oxygen positional
parameter x are more resistant to ion beam-induced amorphiza-
tion [4,44e46]. This study indicates that the substitution of Ce for
La in La2Ti2O7 decreases the stability of La2Ti2O7 and may result in
increased radiation resistance. The ionic radii of La3þ and Ce3þ are
1.16 Å (in eightfold coordination) and 1.14 Å (in eightfold coor-
dination), respectively [47]. The ionic radius of Ce3þ is slightly
smaller than that of La3þ, which may lead to a slight decrease in
lattice constant with increasing Ce content.

3.2. Incorporation and solution energy of cerium in La2Ti2O7

To investigate Ce solubility in La2Ti2O7 pyrochlore, the solution
energy is calculated. It can be obtained by the incorporation energy
and defect formation energy [18,30,31]:

ESolzEInc þ EF

The defect formation energy EF is determined by total energy
calculation of supercells with and without the La vacancy
[18,23,31]:

EF
�
La2�yCeyTi2O7

� ¼ E
�
La2�yCey0Ti2O7

�� E
�
La2�y0Cey0Ti2O7

�

þ mðLaÞ

We removed one La vacancy from La2�y'Cey’Ti2O7, resulting in
La2�yCey'Ti2O7, where E(La2�yCey'Ti2O7) and E(La2�y'Cey'Ti2O7) are
the total energy of La2�yCey'Ti2O7 and La2�y'Cey'Ti2O7 respectively.
m(La) is the chemical potential of La, which is obtained under the
La2O3-rich and O-rich condition [48].

mðLa2O3Þ ¼ 2mðLaÞ þ 3mðOÞ;

mðOÞ ¼ 0:5mðO2Þ
Here, m(La2O3) and m(O2) are the total energies of bulk La2O3 and

free O2 molecule, which are calculated to be �42.26 eV
and�9.13 eV, respectively [31]. The vacancy formation energies are
list in Table 2.

The incorporation energy EInc is defined as the energy required
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to incorporate a cerium in a pre-existing vacant lanthanum lattice
site [18,31,49]:

EInc
�
La2�yCeyTi2O7

� ¼ E
�
La2�yCeyTi2O7

�� E
�
La2�yCey0Ti2O7

�

� mðCeÞ

where E(La2�yCeyTi2O7) is the total energy of the system with Ce
occupying a La lattice site. E(La2�yCey'Ti2O7) is the total energy of
the system containing a vacancy defect without Ce incorporation.
The same method we used to calculate m(La) can be adopted to
obtain m(Ce). m (Ce2O3) has been calculated to be �39.78 eV [18,31].
The calculated incorporation energies are reported in Table 2. They
are negative, meaning that Ce becomes more stable than its free
state when it is incorporated in the La vacant site [18,31,50]. Ac-
cording to ESol z EInc þ EF, the solution energies are also deter-
mined and the results are showed in Table 2. It is found that all the
values are negative, independent of cerium concentration, sug-
gesting that cerium solution is an exothermic reaction and cerium
is soluble in La2Ti2O7. The very similar ionic radii of La3þ and Ce3þ

may result in the solubility of Ce in La2Ti2O7.
Fig. 2. DOS distribution for (a) La2Ti2O7, (b) La1.5Ce0.5Ti
3.3. Electronic properties of La2�yCeyTi2O7 (0 � y � 2)

A number of studies have been carried out to study the charge
state of Ce (or Pu) in pyrochlores doped with Ce (or Pu) [33,51e53].
In this paper, the Bader charge for each ion in La2Ti2O7eCe2Ti2O7
solid solution was calculated to verify the charge state of Ce in
La2�yCeyTi2O7. The results are summarized in Table 3. It is found
that the charge state of cerium decreases from 2.16 jej to 2.10 jej
with increasing cerium content. These values are considerably
smaller than the Bader charge of 2.40 jej for CeO2 [31,54], and are
comparable to the Bader charge of 2.01 jej for CeO1.96875 [31,54].
These results suggest that the cerium in Ce2Ti2O7eLa2Ti2O7 solid
solution exhibits a reduced charge state. M�onica Martos et al. [57]
also suggested that the reduction state of cerium ions exists in
Ce2Ti2O7 pyrochlore. As the classical model of an ionic material
with nominal charges is oversimplified, the charge state is not the
nominal þ3 jej. Calculations in this study also show that the Bader
charge for Ti ions is larger than that for La and Ce ions, meaning that
the <TieO> bond is more covalent than < LaeO> and <CeeO>
bonds. The Bader charge for Ce is slightly larger than that for La,
implying that the cerium content has an effect on the charge
2O7, (c) LaCeTi2O7, (d) La0.5Ce1.5Ti2O7, (e) Ce2Ti2O7.

https://www.researchgate.net/publication/251477177_Study_of_cerium_solubility_in_Gd_2Zr_2O_7_by_DFT_U_calculations?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/251477177_Study_of_cerium_solubility_in_Gd_2Zr_2O_7_by_DFT_U_calculations?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/251477177_Study_of_cerium_solubility_in_Gd_2Zr_2O_7_by_DFT_U_calculations?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/256774134_A_DFT_plus_U_study_of_cerium_solubility_in_La2Zr2O7?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/256774134_A_DFT_plus_U_study_of_cerium_solubility_in_La2Zr2O7?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/256774134_A_DFT_plus_U_study_of_cerium_solubility_in_La2Zr2O7?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/256774134_A_DFT_plus_U_study_of_cerium_solubility_in_La2Zr2O7?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/256774134_A_DFT_plus_U_study_of_cerium_solubility_in_La2Zr2O7?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/239342633_Ab_initio_study_of_solution_energy_and_diffusion_of_caesium_in_uranium_dioxide?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/51098394_Oxygen_Vacancy_Formation_and_Migration_in_CexTh1-xO2_Solid_Solution?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/51098394_Oxygen_Vacancy_Formation_and_Migration_in_CexTh1-xO2_Solid_Solution?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==
https://www.researchgate.net/publication/47936513_Sol-Gel_Synthesis_of_Tunable_Cerium_Titanate_Materials?el=1_x_8&enrichId=rgreq-cd2252b9-5ea5-4178-8b4e-13fb09822adb&enrichSource=Y292ZXJQYWdlOzI4MTI4MTAxMjtBUzoyNjcwMjg2NzQxMTc2MzJAMTQ0MDY3NjAwNTY5NQ==


C.G. Liu et al. / Journal of Alloys and Compounds 648 (2015) 609e614 613
distribution of this material.
Fig. 2 shows the total and partial DOS for La2�yCeyTi2O7

(0 � y � 2). The Fermi level is set 0 eV. After cerium doping, one
striking feature for the DOS distribution is that a small Ce 4f peak
appears near the Fermi level. It reveals that the Ce 4f orbitals in
La2�yCeyTi2O7 (0 < y � 2) are partially occupied and localized and it
shows a similar character to Ce2O3 and Ce-doped La2Zr2O7 pyro-
chlores and Ce-doped Gd2Zr2O7 pyrochlores [18,31]. In addition,
numerous studies [30,40,55,56] have demonstrated that Ce 4f or-
bitals are not occupied in CeO2 and they are partially occupied and
localized in defective CeO2. Obviously, cerium exhibits a reduced
charge state in this solid solution.

4. Conclusion

In this study, the geometrical structure, solution energy, and
electronic structure of La2�yCeyTi2O7 (0 � y � 2) have been inves-
tigated by DFT þ U approach. The value of the O48f positional
parameter increases with the rising of cerium content, which
suggests that cerium incorporation in La2Ti2O7 may lead to
increased radiation resistance. Calculations also reveal that the
Ce2Ti2O7eLa2Ti2O7 solid solution exists over the entire range of
cerium content and cerium in the solid solution exhibits a reduced
charge state.
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