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Abstract:  

First principle calculations based on density functional theory have been employed 
to study structural effects of trapping helium in La2Zr2O7 pyrochlore. Lattice swelling 
and the distortion of unit cell have been found in He-La2Zr2O7 systems. By analyzing 
the electronic structures and chemical bonding of He-La2Zr2O7 systems, weak repulsive 
and attractive chemical interactions of helium in La2Zr2O7 pyrochlore have been 
observed. The formation energies have been calculated to assess the relative stability of 
various helium interstitial configurations and the results show that the octahedral 
interstitial site is the most stable structure. The cation antisite defect formation energies 
and the x positional parameter for 48f-site oxygen are calculated to predict the radiation 
resistence of He-La2Zr2O7 systems. The results indicate that the presence of low 
concentration of He interstitials may increase the radiation resistance of La2Zr2O7 
pyrochlore. 
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1. Introduction 

Nuclear energy gets extensive development worldwide as a clean energy, which 
can solve the ecological environment problems caused by the over exploitation of fossil 
fuels, but it also creates challenges. The most serious one is dealing with high-level 
nuclear waste in reasonable ways [1-5]. La2Zr2O7 pyrochlore has been proposed as a 
potential superior host phase for the long-lived transuranic (TRU) elements in nuclear 
waste, because it possesses high chemical durability, good thermal stability, low leach 
rate and the enhanced radiation tolerance after TRU elements incorporated [6-9]. In 
recent decades, many of experimental and theoretical investigations involving La2Zr2O7 
pyrochlore have been carried out to evaluate the radiation stability and the solubility of 
actinides in it [9-17]. For example, Lian et al. [16] argued that there was a close 
correlation between the radiation resistance of La2Zr2O7 and its deviation from the ideal 
fluorite structure. Besides, the cation antisite formation energy has been introduced to 
predict the disordering extent and then assess the radiation tolerance of La2Zr2O7 [16, 18, 
19]. Cerium has been used as a nonradioactive surrogate for plutonium to investigate 
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the solubility of actinides in La2Zr2O7. The density functional theory (DFT) calculation 
carried by Wang et al. [15] has demonstrated that cerium was soluble in La2Zr2O7 
pyrochlore, which is consistent with the experimental study of Lian et al.[20]. They also 
suggested that La2Zr2O7 might be more favorable than Gd2Zr2O7 in immobilizing 
actinide wastes. Recently, Xiao et al. [14] studied plutonium accommodation in 
La2Zr2O7 by DFT plus Hubbard U method. Their results show that Pu could be 
incorporated into both La and Zr lattice sites, which is in agreement with the research of 
Kulkarni et al. [13] in experiment. They have also concluded that the incorporation of 
Pu in La2Zr2O7 can enhance its radiation tolerance. 

In all these discussions, however, the behavior of helium atom in pyrochlore is 
scarcely reported. Helium accumulation due to α-decay processes from plutonium and 
other minor actinides for hundreds of thousands of years can result in structural changes 
and then alter the chemical properties of immobilization matrix [21-23]. Until recently, 
Taylor et al. [22, 23] studied the combined effects of radiation damage and He 
accumulation on bubble nucleation in Gd2Zr2O7 and Gd2Ti2O7 pyrochlores. They 
concluded that lattice swelling occurred after irradiation with Au3+ and He+ ion in 
Gd2Zr2O7. He bubbles were larger in a crystalline Gd2Ti2O7 matrix than in the 
amorphous matrix. In addition, structural and electronic effects of helium interstitials in 
Y2Ti2O7 pyrochlore, which is a primary precipitate phase in nano-structured ferritic 
alloys (NFAs) for fission and fussion energy applications [24], have been reported by 
Danielson et al.[25]. They found the stable octahedral helium interstitial position and 
changes of chemical bond characteristics caused by the presence of interstitial helium in 
Y2Ti2O7 by first principle calculation. Yang et al. [24] listed several significant helium 
interstitial configurations in Y2Ti2O7 pyrochlore and compared the relative stability of 
trapping helium in NFAs. 

Enlightened by all above results, first principle method based on density functional 
theory has been employed to calculate and describe the behavior of helium in La2Zr2O7 

pyrochlore. In some sense, this work will provide guidence for further experiment and 
evaluate the performance of La2Zr2O7 as a candidate immobilization matrix at the 
atomic level. In Section 2, the details of the calculations are presented. Section 3 
provides the results and discussion of this work, which includes structural and electronic 
effects of helium interstitials, formation energies and cation antisite defect formation 
energies of He-La2Zr2O7 systems. Finally, conclusions and summaries are given in 
Section 4. 

2. Computational method 

All the density functional theory (DFT) calculations are performed with the Vienna 
ab initio Simulation Package (VASP) [26-29] in conjunction with the projector 
augmented wave (PAW) method [30, 31]. The generalized gradient approximation 
(GGA) parameterized by Perdew-Burke-Enrzerhof (PBE) [32, 33] has been employed 
to describe exchange-correlation effects and the behavior of helium in pyrochlores 
accurately [25, 34, 35]. Pseudopotentials with the valence configurations 1s2 for He, 
5s25p65d16s2 for La, 4s24p64d25s2 for Zr and 2s22p4 for O have been used. To get 
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converged results, a plane wave cutoff energy is set as 478.9 eV and the 4×4×4 k-points 
for the He-La2Zr2O7 system with a Monkhorst-Pack scheme have been used to sample 
Brillouin zone. Each composition is fully allowed to relax on both volume and shape 
until the total energy and total force are converged to 10-5eV and 0.01eV/Å. The charge 
transfer and chemical bonds in He-La2Zr2O7 systems have been analyzed by the Bader 
charge analysis code [36-38] and the VESTA software [39]. 
 

3. Results and discussion 

3.1 Crystal structure and structural properties of helium in La2Zr2O7  

The A2B2O7 pyrochlore with space group Fd3m (No. 227) includes eight 

molecules per unit cell. It consists of four crystallographically nonequivalent kinds of 
atom: A (here, A = La), B (here, B = Zr), O and O’ that occupy the 16d (0.5, 0.5, 0.5), 
16c (0, 0, 0), 48f (x, 0.125, 0.125) and 8b (0.375, 0.375, 0.375) Wyckoff positions, 
respectively. The pyrochlore structure can be completely described by two independent 
structural parameters: the lattice parameter, a0 and the internal atomic parameter, xO48f 

[40]. Generally, the xO48f positional parameter is an important measure of the degree of 
structural disorder and its value limits between 0.3125 and 0.375 in pyrochlore. For 
x=0.3125, the B ion has a perfect octahedral coordination while the A ion will be 
situated in a distorted cubic coordination and the system is a perfectly ordered 
pyrochlore structure. When x=0.375, the B ion will be at the center of a trigonal 
antiprism whereas the polyhedron of A-sites will change to a regular cube and the 
system has been disordered to the fluorite structure [40]. Pyrochlores with the higher 
value of xO48f are more easily transformed into disordered fluorite structure and the 
structure will be more resistant to amorphization under irradiation [15, 41, 42]. For pure 
La2Zr2O7 pyrochlore (Fig. 1(a)), the optimized lattice constant a0, the internal atomic 
parameter xO48f and the bond distance of <La-O48f>, <La-O8b> and <Zr-O48f> are 
calculated and listed in Table. 1, which are in good agreement with other calculation and 
experiment results [40, 43]. 

To investigate the behavior of single helium interstitial in La2Zr2O7 pyrochlore, the 
systems with five types of helium interstitial sites (Fig. 1(b)-(f)) have experienced a full 
structural relaxation and the structural changes caused by helium interstitial have been 
found. Particularly, the helium interstitial at the middle position of two Zr atoms relaxes 
into the tetrahedral position, which can be concluded by comparing the volume changes 
summarized in Table. 2 and the formation energies performed in Section 3.2. Because of 
these, the so called “Zr-Zr” interstitial will be treated as the tetrahedral interstitial in all 
the following analysis. Comparing with the pure La2Zr2O7 pyrochlore, the volume of 
He-La2Zr2O7 system increases by 2.38% (La-La interstitial site), 3.18% (O-O interstitial 
site), 2.54% (Octahedral interstitial site) and 2.54% (Tetrahedral interstitial site), 
respectively. From Table. 2, the single helium interstitial in La2Zr2O7 increases the value 
of xO48f and the He-La2Zr2O7 systems are closer to disordered fluorite structure. These 
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results suggest that the existence of helium interstitial in La2Zr2O7 may cause lattice 
swelling and enhance the resistance to irradiation induced amorphization.  

3.2 Formation energies of helium interstitials  

Formation energies, which are used to assess the relative stabilities of interstitial 
atom in compounds [24, 25, 35, 44], have been calculated in this part. The formation 
energies of helium atom at interstitial sites in La2Zr2O7 are obtained using the 
expression:[35] 

��
��(��	)

= ����
������� − �
������� − ��� (1) 

Here, ����
�������are total energies of the relaxed La2Zr2O7 configurations including 

an interstitial helium atom, �
������� 	 is the total energy of the pure La2Zr2O7 

supercell.	��� is the ground state energy of an isolated helium atom. The formation 
energies of helium occupying the pre-existing vacancy (La-vacancy, Zr-vacancy, 
O8b-vacancy and O48f-vacancy, respectively) sites in La2Zr2O7 are defined using the 
equation:[35] 

��
��(���)

= ������� − ���� − ��� (2) 

Where ������� are total energies of a single He atom at the pre-existing vacancy site 
in La2Zr2O7 supercell, ����  are total energies of La2Zr2O7 supercell containing a 
pre-existing vacancy. 

For the formation energies of helium atom at interstitial sites in La2Zr2O7, as listed 
in Table 3, the octahedral interstitial site with the lowest formation energy of 

��
��(��	)

= 1.6 eV is the most stable configuration. The O-O interstitial site has the 

highest formation energy (2.69 eV) and is the least stable configuration, which is 
consistent with the largest volumetric strain (Table. 2) induced by helium occupying this 
location.  Further, these results indicate that helium atoms are more easily trapped in 
the octahedral interstitial sites in La2Zr2O7 pyrochlore. 

The vacancy defects will be presented in pyrochlore under irradiation [45-47] and 
helium atoms can be trapped in these vacancy defects. The formation energies of helium 
at substitutional sites have been investigated and the results are illustrated in Table 3. It 
is found that the system with helium atom locating at La vacancy has the lowest 
formation energy (0.33 eV), meaning there is a stronger interaction between helium 
atom with La vacancy than other sites and helium atoms can be easily trapped by La 

vacancy in La2Zr2O7 pyrochlore. In addition, comparing ��
��(���) with ��

��(��	) in 

Table 3, it can be found that helium atoms prefer inhabiting La-vacancy (0.33 eV) and 
Zr-vacancy (0.37 eV) to occupying O48f-vacancy (1.57 eV) site and interstitial sites 
(1.6-2.69 eV), the O8b-vacancy site (3.11 eV) may be the last choice for single helium 
atom. 
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3.3 Cation antisite defect formation energies of He-La2Zr2O7 systems   

To understand the impact of helium interstitials in the radiation tolerance of 
He-La2Zr2O7 systems, the cation antisite defect formation energies are performed. The 
formation energies are obtained by: 

��
�� = �	�	

�� − �	�	 (3) 

Where �	�	
��  are the total energies of the He-La2Zr2O7 supercells with a cation antisite 

defect which is formed by exchange of the neighboring La and Zr atom. �	�	 are the 
total energies of He-La2Zr2O7 supercells. Taylor et al. [22] have experimentally 
determined that the critical He concentration required to nucleate bubbles > 1 nm in 
diameter in bulk Gd2Zr2O7 is 4.6 at.%. Until now, there is no relevant report about the 
critical concentration of He formation in La2Zr2O7. Because helium atoms prefer 
occupying octahedral interstitial sites, the cation antisite defect formation energies of 
He-La2Zr2O7 systems are calculated based on the La2Zr2O7 supercells with the maximal 
He content up to ~3.3 at.% in octahedral interstitial sites and without He bubbles 
formation in the configurations. The various configurations are shown in Fig. 2. The 
results summarized in Table. 4 show that the cation antisite defect formation energies of 
He-La2Zr2O7 systems are lower than that of pure La2Zr2O7. Pyrochlores with lower 
cation antisite defect formation energies will be more easily disordered to the defect 
fluorite structure that is more resistant to amorphization under irradiation[18, 19, 48-50]. 
For these reason, we predict that the presence of low concentration of He interstitials 
(below the critical concentration of He bubbles) may increase the radiation resistance of 
La2Zr2O7 pyrochlore. From another point of view, helium interstitials can result in the 
distortion of unit cell and bring the configuration closer to fluorite structure. For 
example, the least stable structure of He in O-O interstitial site (with highest formation 
energy 2.69 eV) has the largest xO48f and lowest cation antisite defect formation energy 
(0.78 eV). 

3.4 Electronic structures and chemical bonding  

The electronic properties of compounds provide physical insight into the structural 
and physical properties. The Bader charge analysis [36-38], the electron localization 
function (ELF) [51] and the partial density of states (PDOS) are always performed to 
investigate the electronic structures of compounds. Recently, the interaction of He with 
Y2Ti2O7 pyrochlore has been investigated using these electronic structure calculation 
methods [25, 35]. To the best of our knowledge, few electronic structural analyses have 
been reported for helium absorption in pyrochlore. In this study, we have systematically 
explored the electronic properties of pure La2Zr2O7 and He occupied different 
interstitial sites in La2Zr2O7 pyrochlore by using above analysis methods (Bader charge 
analysis, ELF and PDOS). Fig. 3 presents the density of states close to the Fermi level 
for the pure La2Zr2O7 system. The valence bands are mainly contributed by the 2p 
orbitals of oxygen, and a minor contribution from the 4d orbitals of zirconium. The 
conduction bands are mainly composed by the Zr 4d orbitals hybridized with O 2p 
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orbitals. Besides, a stronger hybridization of Zr-4d and O-2p than that of La-5d and 
O-2p is obvious in the PDOS of La2Zr2O7 pyrochlore. This result is in agreement with 
previous calculations by Pruneda et al. [43], Liu et al. [52]. To further investigate the 
chemical bonding of La2Zr2O7, the Bader charge analysis and the ELF have been carried 
out. From Fig. 4, Bader charge for Zr ion (9.4471) is much larger than that of La ion 
(8.8801), indicating that the degree of covalency of the <Zr-O> bond is stronger than 
that of the <La-O> bond. Accordingly, the ELF, which can give quantitative picture on 
the chemical bonding and a convenient mathematical framework clarifying 
characterization of bonds [51], is shown in Fig. 4. An increase of ELF for Zr and a 
decrease for La also demonstrate that <Zr-O> bonds are more covalent than <La-O> 
bonds, similar to the calculations of La2Zr2O7 reported by Terki et al.[53]. Fig. 5 shows 

the difference of the partial density of states (∆PDOS) (ΔPDOS = $%&'()�*+������ −

$%&'
�������) for He in different interstitial sites. The positive values mean an increase, 

negative values indicate a decrease and zero means He-La2Zr2O7 system has the same 
PDOS as the pure system. There are clear changes in La-s, La-d, Zr-s, Zr-d and O-p 
states, which indicate the significant changes in the <La-O> bonds and <Zr-O> bonds. 
Besides, the degree of covalency of the <Zr-O> bond is stronger than the <La-O> bond 
from the number of states per energy level. The ELF of helium interstitial at the 
midpoint of two lanthanum atoms and Bader charge of relative ions are illustrated in Fig. 
6. The <La8-O52> and <La14-O52> bonds have become more covalent which is reflected 
by the charge of O52 decreasing from 7.3636 to 7.3180 and the charge of La8 and La14 
increasing from 8.8801 to 8.9062 and 8.8961, respectively. The decrease in the charge 
of Zr1 from 9.4474 to 9.4288 and the increase in Zr15 from 9.4474 to 9.4718 show the 
<Zr1-O9> bond decreases in covalency while the <Zr15-O9> bond increases in covalency. 
The displacement of O9 along [010] direction is founded by comparing the structure of 
this configuration before and after full relaxation, which reduces the distance between 
Zr15 atom and O9 atom and enhances the covalency of <Zr15-O9> bond. Similarly, it 
results in the decrease of the covalency of the <Zr1-O9> bond. Besides, Fig. 6 points out 
that the Bader volume of O9 decreases from 14094000 pm3 to 13894900 pm3. All the 
results indicate that the helium has a significant interaction with oxygen atom. 
Dissymmetrical changes in <La-O> bonds have also been observed in O-O interstitial 
configuration. From Fig. 7, the charge of O26 decreases from 7.3304 to 7.3238 while the 
charge of O44 increases from 7.3303 to 7.3324, which demonstrates an increase in the 
covalency of <La9-O26> bond and a decrease in the covalency of <La9-O44> bond, 
which is attributed to the change of bond distance, bond angle and the distortion of the 
unit cell [25]. The same phenomenon also appears in octahedral interstitial (Fig. 8) and 
tetrahedral (Fig. 9) configuration. In the octahedral configuration, there are increases in 
covalency of <La3-O55>, <La11-O55>, <La11-O50>, <Zr10-O8> bonds and decreases in 
covalency of <La3-O31>, <La11-O5>, <La11-O31>, <Zr4-O8>. These changes may be 
caused by O8 atom displacing towards Zr10 atom and O55 atom displacing towards La11 

atom. In the tetrahedral configuration, due to the interaction between helium with 
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oxygen, the displacement of O39 in [1,00] direction has been found, which may be the 
reason of a decrease in covalency of <Zr1-O39> and <Zr15-O39> bond. 

From the above discussion, it can be concluded that the He absorption in La2Zr2O7 
pyrochlore is weak repulsive and attractive chemical interactions rather than physical 
processes, which is consistent with the research of He absorption in Y2Ti2O7 pyrochlore 
[25, 35]. Besides local changes of electronic structures and chemical bonding caused by 
helium interstitials, we also calculated average La charge and average Zr charge in 
La2Zr2O7 to evaluate the covalency of <La-O> bond and <Zr-O> bond from the integral 
perspective, which are listed in Table. 5. The result shows that a minor decrease in 
average Zr charge and a minor increase in average La charge do exist. Further, there is a 
net increase in the covalency of <La-O> bond and decrease in the covalency of <Zr-O> 
bond in He-La2Zr2O7 systems. The covalency of chemical bond has been regarded as a 
proposed criterion to predict the resistance to amorphization of pyrochlore. The ability 
to form a covalent network leads to damage stabilization and makes a material 
amorphizable by radiation damage. Low covalency, on the other hand, results in higher 
resistance [54]. Combining with our previous results of anti-site defect formation 
energies in Section 3.3, <Zr-O> bonds play a more dominant role than <La-O> bonds in 
determining the radiation tolerance of He-La2Zr2O7 systems. 

4. Conclusion 

To conclude, we have systematically studied structural and electronic effects of 
helium interstitials, formation energies and cation antisite defect formation energies of 
He-La2Zr2O7 systems based on density functional theory. We found that the existence of 
helium interstitial in La2Zr2O7 may cause lattice swelling and the distortion of unit cell. 
The result of formation energies shows that the octahedral interstitial site is the most 
stable helium interstitial site. The decreased cation antisite defect formation energies 
and the increased xO48f indicate that the configuration will be more easily disordered to 
the defect fluorite structure after the presence of low concentration of He interstitials in 
La2Zr2O7. By analyzing the electronic structures and chemical bonding of He-La2Zr2O7 
systems, we pointed out that the He absorptions in La2Zr2O7 pyrochlore are weak 
repulsive and attractive chemical interactions rather than physical processes and <Zr-O> 
bonds play a more dominating role than <La-O> bonds in determining the radiation 
tolerance of La2Zr2O7 pyrochlore. 
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Figure Captions: 

Fig. 1  Configurations of various helium interstitial atom in La2Zr2O7 pyrochlore. 
Site-related atom number is shown. The ivory, purple, green and red spheres represent 
the helium, lanthanum, zirconium and oxygen, respectively. (a) pure La2Zr2O7 
pyrochlore; (b) the helium interstitial at the midpoint of two lanthanum atoms (101 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

plane); (c) the helium interstitial at the midpoint of two zirconium atoms (100 plane); (d) 
the helium interstitial at the midpoint of two oxygen atoms; (e) the helium on the 
octahedral location; (f) the helium on the tetrahedral location.   
 
Fig. 2  Configurations of various helium interstitials on the octahedral location. 
((a)-He21; (b)-He22; (c)-He23; (d)-He31; (e)-He32). 
 
Fig. 3  DOS distribution for pure La2Zr2O7 pyrochlore.  
 
Fig. 4  ELF (left) (e/Bohr3) and Bader charge (right) for pure La2Zr2O7.  
 
Fig. 5  The difference of the partial density of states (∆PDOS) for each helium 
interstitial configuration. 
 
Fig. 6  ELF (left) (e/Bohr3) and Bader charge (right) for the helium interstitial at the 
midpoint of two lanthanum atoms. 
 
Fig. 7  ELF (left) (e/Bohr3) and Bader charge (right) for the helium interstitial at the 
midpoint of two oxygen atoms. 
 
Fig. 8  ELF (left) (e/Bohr3) and Bader charge (right) for the helium on the octahedral 
location. 
 
Fig. 9  ELF (left) (e/Bohr3) and Bader charge (right) for the helium on the tetrahedral 
location. 

Table Captions: 

Table. 1  Calculated lattice constant, the x positional parameter for 48f-site oxygen and 
bond distance (Å), compared with available experimental and theoretical results. 
 
Table. 2  Calculated the x positional parameter for 48f-site oxygen and volume for 
He-La2Zr2O7 systems. 
 

Table. 3  Calculated formation energies of helium atom at interstitial sites ( ��
��(��	)) 

and the pre-existing vacancy (��
��(���)). 

Table.4  Cation antisite defect formaion energies for each helium interstitial 
configuration. 
 
Table. 5  Calculated average La charge and average Zr charge in He-La2Zr2O7 systems. 
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Table. 1  Calculated lattice constant, the x positional parameter for 48f-site oxygen and bond 

distance (Å), compared with available experimental and theoretical results. 

 

La2Zr 2O7 present work 
Other work 

Exp. [40] Theory [43] 
a0(Å) 10.797 10.805 10.724 

xO48f 0.3338 0.332 0.3314 

La-O48f(Å) 2.62 2.635 2.62 

La-O8b(Å) 2.34 2.339 2.32 

Zr-O 48f(Å) 2.11 2.105 2.09 
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Table. 2  Calculated the x positional parameter for 48f-site oxygen and volume for He-La2Zr2O7 

systems  

 

 xO48f Volume (nm3) 

La2Zr2O7 0.3338 1.259 

La-La 0.3599 1.289 

O-O 0.3734 1.299 

Zr-Zr 0.3339 1.290 

Octahedral 0.3351 1.291 

Tetrahedral 0.3372 1.291 
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Table. 3  Calculated formation energies of helium atom at interstitial sites ( ��
��(���)) 

and the pre-existing vacancy (��
��(
��)). 

 

Formation energy (eV) 

�
��(���)    
�

��(���)    

Site La-La O-O Zr-Zr Tet. Oct. La Zr O48f O8b 

Value 1.80 2.69 2.02 2.01 1.60 0.33 0.37 1.57 3.11 
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Table.4  Cation antisite defect formaion energies for each helium interstitial 
configuration. 
 

Configuration 
Cation antisite defect 

formation energy (eV) 
Configuration 

Cation antisite defect 

formation energy (eV) 

La2Zr2O7 2.410 He21 2.096 

La-La 1.887 He22 1.953 

O-O 0.780 He23 0.962 

Oct. 1.931 He31 2.176 

Tet. 2.317 He32 0.997 
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Table. 3  Calculated average La charge and average Zr charge in He-La2Zr2O7 systems. 

 

Configuration Average La charge (e) Average Zr charge (e) 

La2Zr2O7 8.880 9.447 

La-La 8.907 9.439 

O-O 8.902 9.437 

Oct. 8.891 9.438 

Tet. 8.876 9.440 

He21 8.891 9.437 

He22 8.896 9.436 

He23 8.905 9.436 

He31 8.889 9.436 

He32 8.904 9.435 
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Highlights 

1. The existence of helium interstitial in La2Zr2O7 may cause lattice swelling and the 

distortion of unit cell. 

2. The octahedral interstitial site is the most stable helium interstitial site. 

3. Low concentration of He interstitials may increase the radiation resistance of 

La2Zr2O7 pyrochlore. 

4. He absorptions in La2Zr2O7 pyrochlore are weak repulsive and attractive chemical 

interactions. 

5. <Zr-O> bonds play a more dominating role in determining the radiation tolerance 

of La2Zr2O7. 
 


