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The accumulated helium atoms mitigate the physical properties of nuclear waste forms through long-time
radionuclide decay and thus cause the safety concern. In this work, first-principles calculations were carried
out to investigate the effects of helium atoms on the structural, electronic, and mechanical properties of La2Sn2O7
pyrochlore. He atoms cause small volume swelling but no significant influence on its mechanical properties. The
formation energy analysis suggests that octahedral interstitial sites are preferred. He interstitial may drive phase
change from pyrochlore to the fluorite structure. The local electronic properties have also been analyzed to assess
the impact of He clusters. The minimum energy pathway for helium to migration is identified as via O-O
interstitial sites with a barrier of 1.39 eV. This work might offer a theoretical foundation for the He damage of the
nuclear waste forms.

1. Introduction
The development of nuclear energy is of a great achievement for
green energy without greenhouse gas emission. However, it poses new
challenges to the environmental conservation due to nuclear waste
containment problems [1–4]. The most serious is how to treat the highlevel nuclear waste in a reasonable way [5]. Pyrochlores with remark
able compositional diversity and structural flexibility have been
considered as potential high level nuclear waste forms, and many studies
have already performed to investigate the radiation tolerance and so
lution behavior for actinides incorporation in pyrochlore [6]. As one of
the most important members of pyrochlore family, the stannate pyro
chlore has attracted much attention in the fundamental study due to the
distinctive properties [7–9]. A series of rare-earth stannate pyrochlores
were synthesized using solid state methods by Kennedy et al. [10] and
the relationship between lattice parameter and xO48f was elucidated in
their work, which provided an important reference for later structural
studies of stannate pyrochlores. Lian et al. [11] argued that the structural
disorder was one of the most important factors affecting the radiation

tolerance of rare earth stannate pyrochlores. Besides, the effect of rela
tive size of cations, bond type and the electronic configuration of cations
on the radiation resistance of stannate pyrochlore were also investigated
in their work. The mechanical properties of rare earth stannate pyro
chlores have also attracted the attention of researchers. The mechanical
moduli and sound velocities of RE2Sn2O7 (RE = La, Nb, Sm, Gd, Er and
Yb) were studied by Feng et al. [12] and concluded that the ionicity of
rare earth elements and covalent interactions jointly influence the me
chanical properties of these materials. Moreover, the “bimodal effect” of
bulk modulus in rare earth stannate pyrochlores has been found by Liu et
al. [13]. As for the study of the stability of stannate pyrochlore incor
porated by radionuclide, Wang et al. [14] calculated the solubility of
plutonium in Gd2Sn2O7 pyrochlore and the results indicated that Pu
doping will reduce the radiation tolerance of the compounds. When the
radionuclide was mentioned, helium atoms created by self-radiation
from radionuclide decay should not been ignored. It can migrate
through the structure, and then helium atoms can be absorbed at the
defect sinks, which will deteriorate the physical properties of the ma
terial [15]. Therefore, it is very significative to explore the behavior of
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Fig. 1. Configurations of (a) pure La2Sn2O7 pyrochlore and single He interstitial atom in the La2Sn2O7 pyrochlore. (b) He atom at the midpoint of two La atoms (LaLa); (c) He atom at the midpoint of two Sn atoms (Sn-Sn); (d) He atom at the midpoint of two O atoms (O-O); (e) He atom locate at tetrahedral site (Tet.); (f) He atom
locate at octahedral site (Oct.). The blue, green, red and ivory spheres represent La, Sn, O and He atoms, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

He in pyrochlores. By now, relevant research focused on the zirconate
and titanate pyrochlore, little research has been conducted on the
stannate pyrochlore. Taylor et al. [16–17] studied the combined effect of
He accumulation and charged particle irradiation in Gd2Zr2O7 and
Gd2Ti2O7 pyrochlore, and the lattice swelling and He bubbles have been
found in the irradiated samples. In addition, Danielson et al. [18] believe
that the presence of He in Y2Ti2O7 can lead to the change of structure
and chemical bond characteristics, and the octahedral site is the
preferred position for helium atom to occupy. Zhou et al. [19] found
structural disordering, phase transformation and lattice swelling
induced by the self-radiation damage from doping nuclides in Gd2Zr2O7
ceramic. Moreover, Huang et al. [20] also found the lattice distortion in
Gd2Zr2O7 induced by He irradiation. In our previous work, the behavior
of helium in a candidate immobilization matrix, La2Zr2O7 pyrochlore,
have been studied from different aspects, such as structural properties,
formation energies and electronic structures [21].
In this work, the behavior of He in the stannate pyrochlore will be
explored using first principles method. In consideration of the accuracy
and practicability, La2Sn2O7 pyrochlore, will be selected to develop an
improved understanding of the behavior of helium atoms in different
local environments in pyrochlores and to evaluate the effects of He de
fects on physical properties of stannate pyrochlore. Besides, the mobility
of He in La2Sn2O7 pyrochlore will be investigated for the first time to
provide a more comprehensive insights into the He behavior in pyro
chlores and a reference for the further experimental and theoretical
investigations.

sampling of the Brillouin zone and a plane wave cut-off energy of 400 eV
has been used for the pure pyrochlore supercells contain 88 atoms and
the cut-off energy is set as 478.9 eV for He-La2Sn2O7 systems. Five kinds
of different interstitial sites have always been considered for helium
atom to occupy in pyrochlore [18,21]. A single helium atom has been
inserted in La-La, Sn-Sn, O-O, Tet. and Oct. sites (see Fig. 1) based on the
ionic radii of La, Sn, O, He and the free volume of interstitial sites in pure
La2Sn2O7 pyrochlore. All the structural relaxations are fully allowed
until the total energy and total force are converged to 10-5 eV and 0.01
eV/Å, respectively. The migration barriers of He in the two complex
oxides will be calculated using the climbing image nudged elastic band
method [28–29]. The van der Waals interactions are considered using
the vdw-DFq method [30]. The impact of He interstitials on the me
chanical properties of La2Sn2O7 pyrochlore was assessed and their ef
fects were evaluated using a stress–strain method [31]. For pyrochlore,
the stress–strain relationships of their six components can be expressed
by the following six equations:

2. Computational method

σ xx = C11 εxx + C12 εyy + C12 εzz

(1)

σ yy = C12 εxx + C11 εyy + C12 εzz

(2)

σ zz = C12 εxx + C12 εyy + C11 εzz

(3)

σ xy = C44 εxy

(4)

σ xz = C44 εxz

(5)

σ yz = C44 εyz

(6)

The elastic constants, C11, C12 and C44 are obtained from the first
derivative of a linear fit to the above stress–strain relationships. The bulk
modulus is then calculated by the following equation:

All the calculations are performed with the Vienna ab initio simu
lation package (VASP) [22–23] based on the plane wave basis sets. The
ions and electrons interactions are described by the projector augmented
wave method (PAW). The exchange–correlation effects are taken in a
form proposed by Perdew-Burke-Ernzerhof (PBE) [24] within the
generalized gradient approximation (GGA) [25–27]. The supercell
approach with periodic boundary conditions is used to study the prop
erties of He-La2Sn2O7 systems. A 2 × 2 × 2 Monkhorst-Pack k-point

B=

C11 + 2C12
3

(7)

The migration behavior of He in La2Sn2O7 are studied using the
climbing image nudged elastic band (CI-NEB) method [31]. The inter
stitial location with the highest energy along the path has been defined
2
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Table 1

He(Int)

The formation energies for a single He at interstitial sites (Ef

He(Vac)

) and at the pre-existing vacancy (Ef

). n is the number of He atoms.

Formation energy (eV)

He(Int)
Ef
(n

position

La-La

Sn-Sn

O-O

Oct.

Tet.

La

Sn

O48f

O8b

result

2.93

1.77

2.89

1.33

1.77

0.45

0.49

1.61

2.23

= 1)

He(Vac)

Ef

Fig. 2. Configurations of 2–6 He atoms at octahedral interstitial sites in La2Sn2O7 pyrochlore. 2 He atoms: (a) He2a, (b) He2b, (c) He2c; 3 He atoms: (d) He3a, (e)
He3b; 4 He atoms: (f) He4a; 5 He atoms: (g) He5a; 6 He atoms: (h) He6a.

as a transition state and the location with the lowest energy is always
treated as a final state. In this study, the octahedral interstitial site is
used as the final state in He-La2Sn2O7 systems.

EHe− La2 Sn2 O7 andELa2 Sn2 O7 are the total energy of the relaxed He-La2Sn2O7
systems and pure La2Sn2O7 pyrochlore. EHe is the ground state energy of
an isolated helium atom and n is the number of helium atoms in HeLa2Sn2O7 system.EHe+Vac denotes the total energy of La2Sn2O7 pyro
chlore with a He atom at a pre-existed vacancy site. EVac represents the
total energy of a La2Sn2O7 supercell including a pre-existing vacancy.

3. Results and discussion
3.1. Formation energies and binding energies

He(Int)

Table 1 summarizes the results of Ef

La2 Sn2 O7

interstitial

He(Vac)
Ef
represent

and

vacancy

sites,

Table 2

He(Int)

The formation energies of He atoms at interstitials sites (Ef
Formation energy (eV)

He(Int)

ofEf

He(Int)

Ef

= 2.93 eV and 2.89 eV are the more unstable positions for He

atoms to occupy, which can be reflected by the larger volumetric strain
of these two configurations in Table 4. In pyrochlores, the point defects
will be produced under irradiation [35] and then attract the helium
atoms with a certain probability. EVac have been calculated and the re
sults are shown in Table 1. The La and Sn vacancy sites have lower
formation energy of 0.45 eV and 0.49 eV, respectively, compared with O

the formation energies of He atom at

pre-existing

= 1.33eV),

which is consistent with the result in He-La2Zr2O7 pyrochlore systems
[21]. The La-La and O-O interstitial sites with a larger formation energy

(9)

EfHe(Vac) = EHe+Vac − EVac − EHe
He(Int)
Ef
and

He(Int)

atom prefers to occupy the octahedral interstitial site (Ef

(8)

− ELa2 Sn2 O7 − nEHe

. From the for

mation energies of He at interstitial sites, it can be predicted that helium

The formation energies are used to predict the relative stability of He
interstitials in pyrochlore [18,21,32–34]. The methods we used are the
same as that in He-La2Zr2O7 systems [21],as the following equations (8)
and (9):
EfHe(Int) = EHe−

He(Vac)

and Ef

respectively.

(n > 1)). n is the number of He atoms.

(n > 1)
n=4

n=5

n=6

position

n=2
He2a

He2b

He2c

n=3
He3a

He3b

He4a

He5a

He6a

result

2.35

2.30

3.52

3.37

4.95

4.37

5.41

6.49
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vacancy sites. It means that the pre-existing cation vacancies have
stronger interaction with helium atoms than anion vacancies in
La2Sn2O7 pyrochlore, which also has been found in He-La2Zr2O7 pyro
chlore systems [21]. Furthermore, this result can be deduced from the
analysis of electronic properties in Section 3.5. The charge transfer
mainly occurs between the helium and its neighboring oxygen ions.
When He occupy cation vacancies, it will be almost surrounded by the
neighboring oxygen ions and suffer stronger interaction.
The helium atoms were also added to the preferred site, the octa
hedral interstitial site, to increase the concentration of helium in
La2Sn2O7 pyrochlore and evaluate the impact on the stability of HeLa2Sn2O7 systems. The structure has been illustrated in Fig. 2 and
He(Int)

Ef

Table 3
Calculated lattice constant, xO48f, bond length (Å) and reference data.

The formation energy of He2a and He2b is calculated to be 2.35 and
2.30 eV, respectively, which is 1.17 ~ 1.22 eV lower than that in He2c
(3.52 eV). Similarly, the corresponding energy of He3a is 1.58 eV, which
is lower than that in He3b (4.95 eV). Besides, it can be found that the
formation energy of two He atoms at He2c (3.52 eV) site and three He
atoms at He3b (4.95 eV) site is higher than that of three He atoms at
He3a (3.37 eV) site and four He atoms at He4a (4.37 eV) site, respec
tively. The above results indicate that He atoms are readily accommo
dated at the separated octahedral interstitial site, which also has been
described in other pyrochlore [32]. Moreover, this tendency can be re
flected from Table 2, where the change of lattice constants and volu
metric strain in the pyrochlore with clustered helium atoms is larger
than that with separated helium atoms.
The binding energy has been used to elucidate the interaction of He
interstitials and the stability of He cluster in octahedral site, as the
following equation (10):
1)He ] −

[Ebulk+1He − Ebulk ]

present study

Reference data
Experiment. [10]

Theory [8]

a0(Å)
xO48f
La-O48f(Å)
La-O8b(Å)
Sn-O48f(Å)

10.716
0.332
2.611
2.320
2.089

10.703
0.329
2.63
2.32
2.07

10.774
0.3341
2.61
2.33
2.10

Table 4
Calculated the lattice constant a0 (Å), the × positional parameter for 48f-site
oxygen and volume (nm3) for He-La2Sn2O7 systems.

(n > 1) has been calculated and the results are shown in Table 2.

b
EnHeI
= [EI+nHe − EI+(n−

La2Sn2O7

La2Sn2O7
La-La
O-O
Sn-Sn
Oct.
Tet.
He2a
He2b
He2c
He3a
He3b
He4a
He5a
He6a

xO48f

a0

Volume

0.332
0.344
0.372
0.333
0.334
0.335
0.3320
0.3315
0.328
0.3317
0.3283
0.3316
0.3315
0.3314

10.716
10.826
10.831
10.812
10.812
10.813
10.816
10.819
10.823
10.823
10.831
10.828
10.836
10.841

1.231
1.269
1.270
1.264
1.264
1.264
1.265
1.266
1.268
1.268
1.271
1.270
1.272
1.274

3.2.2. The effect of helium on the structural properties
To study the effect of He interstitials on La2Sn2O7 pyrochlore, five
types of He-La2Sn2O7 system structure models with single helium atom
occupying different interstitial sites have been performed and shown in
Fig. 1(b)-(f). The structural optimization has been performed for pure
La2Sn2O7 and He-La2Sn2O7 systems. The calculated lattice constant a0,
oxygen positional parameter xO48f , bond distances and available refer
ences for a pure La2Sn2O7 are listed in Table 3 and the calculated results
of a0, xO48f and volume for He-La2Sn2O7 systems are listed in Table 4. The
results of the pure La2Sn2O7 pyrochlore are in good agreement with the
references [8,10]. From Table 4, there are structural changes and slight
volume swelling in He-La2Sn2O7. Comparing with structural properties
of He-La2Zr2O7, the volume swelling of He-La2Sn2O7 are more obvious,
and the lattice volume increase by 3.09%, 3.17%, 2.68%, 2.68% and
2.68% for La-La, O-O, octahedral, tetrahedral and Sn-Sn interstitial sites,
respectively. The details of the configuration of He2a-He6a will be
described in Fig. 2 (see below), which mean that 2–6 He atoms occupied
different octahedral interstitial sites in La2Sn2O7 pyrochlore. Besides, a
single He interstitial in La2Sn2O7 pyrochlore increases the xO48f , which
means that the systems are closer to the fluorite structure. However,
with the number of He interstitial increasing, the values of xO48f become
less than the original values of pure La2Sn2O7 pyrochlore, that is, the
structures are close to a regular pyrochlore. If the radiation tolerance of
La2Sn2O7 is predicted only via xO48f , single helium atom may drive
La2Sn2O7 pyrochlore structure to a more irradiation-resistant fluorite
structure. However, the lattice swelling is unavoidable, which can be
clearly reflected by the increased lattice constant and volume in Table 4.
One of several possible reasons for lattice swelling is that the bond
distance increases after He interstitials being absorbed into La2Sn2O7
systems. After full relaxation of He-La2Sn2O7 systems, the surrounding
atoms displace away from helium atoms and the surrounding bond
distance increases accordingly.
For the He atom on the Sn-Sn site and on the Tet. site, <Sn-O48f >
distances increase from 2.089 Å to 2.140 Å and 2.136 Å, respectively.
For the He atom on the La-La site, <La-O48f > and < La-O8b > increase to
2.738 Å and 2.427 Å, respectively. For the He atom on the O-O site, the

(10)

Here, EI+nHe and EI+(n− 1)He are the total energy of La2Sn2O7 structure
with n He atoms and n-1 He atoms staying at the octahedral interstitial.
Ebulk+1He represent the total energy of La2Sn2O7 structure with 1 He atom
staying at the octahedral interstitial. Ebulk is the total energy of the
perfect La2Sn2O7 superlattice without any He. In this work, the binding
energy was calculated to access the stability of the He cluster containing
2 or 3 He atoms in octahedral interstitial site. When the second He atom
was added, the bind energy is 0.85 eV. When the third He atom was
added, the binding energy decrease to 0.11 eV. Positive binding energy
indicates that the He interstitials cluster is energetically unstable
[36–38], which is in agreement with the result of structural relaxation, i.
e. the third He in the octahedral interstitial site will be squeezed out of
the octahedral cage to form the final configuration He3b as shown in
Fig. 2 (e). The results of binding energy combining with the formation
energy further indicate that He atoms are more prone to occupy sepa
rated octahedral interstitial sites.
3.2. Structural properties
3.2.1. Structure of pyrochlore
Pyrochlore, with the ideal structural formula A2B2O7 and space
group Fd3m, is most commonly described as the superstructure of the
MO2 fluorite [39], Here, M represents a metal cation. In the conven
tional cell, A (here, A = La) and B (here, B = Sn) locate at 16d (1/2, 1/2,
1/2) and 16c (0, 0, 0) Wyckoff position (see Fig. 1(a)). Two nonequivalent oxygens locate at 48f (x, 1/8, 1/8) and 8b (3/8, 3/8, 3/8)
Wyckoff position. Except the oxygen locating at 48f, O48f, all the atoms
are on the special positions. Thus, the pyrochlore structure is completely
described by two independent parameters: the lattice constant, a, and
the fractional coordinate of O48f, xO48f [39]. In pyrochlore, the xO48f
parameter limits between 0.3125 and 0.375, which is closely related to
the degree of structural disorder [39]. When pyrochlore has the larger
value of xO48f , the cell will be closer to a disordered fluorite structure and
the system will show a strong resistance to irradiation [40–41].
4
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Table 5
Cation antisite defect formation energies for La2Sn2O7
and He-La2Sn2O7 systems. The configurations have
been shown in Figs. 1 and 2.
Configuration

Energy (eV)

La2Sn2O7
La-La
O-O
Sn-Sn
Oct.
Tet.
He2a
He2b
He2c
He3a
He3b
He4a
He5a
He6a

3.488
2.695
1.254
3.341
2.964
3.039
3.020
3.261
1.721
3.160
1.800
3.039
3.135
3.505

Table 6
Calculated formation energies of He at different sites near a cation antisite defect
(N) or further away from a cation antisite defect (F).
He formation energy (N)

2.141
0.654
1.624
0.803
1.321

1.009
0.562
0.979
0.759
0.980

Configuration

C11

C12

C44

B

La2Sn2O7
Cal. [46]
Exp. [12]
La-La
Sn-Sn
O-O
Tet
Oct
He2a
He2b
He2c
He3a
He3b
He4a
He5a
He6a

333.3
299
314.9
287.3
283.5
284.6
289.2
288.3
289.3
283.4
282
284.5
284.8
285.4
286.4
287.4

145.7
136
125.9
130.6
123
131.5
131
131.5
132
126.3
129
127
128.1
127.4
128
128.5

108.8
106
94.5
85.8
82.5
88.7
92.1
92.3
92.4
90.5
91.3
90.6
91.4
90.8
91
91.1

208.2
182.8
176.5
182.5
183.7
183.8
184.4
178.7
180.0
179.5
180.3
180.1
180.8
181.5

total energy of He-La2Sn2O7 system with a cation antisite defect. Table 6
listed the result of EHe(AS)
when a helium occupied different interstitial
f

3.3. Cation antisite defect formation energies

sites near or further away from a cation antisite defect. The results reveal
that it is easier to put He atom near the cation antisites than further
away. The volume of the local structure near the cation antisite defect
will expand after structure relaxation, which will provide more space for
the He atom to occupy in the interstitials.

It is commonly accepted that the cation antisite defects are one of the
most important causes of disorder phase transformation [42–44], and
the cation antisite defect formation energies have a strong correlation
with the amorphization susceptibility in pyrochlores [45]. The higher
energetics for cation antisite always means the ease of amorphization
under irradiation. For these reasons, the impact of He interstitials on the
irradiation resistance of La2Sn2O7 was predicted through the cation
antisite defect formation energies using the following equation (11):

3.4. Mechanical properties
The results of elastic constants and bulk modulus are shown in
Table 7 with reference values [12,46]. For pure La2Sn2O7 pyrochlore,
the agreement between our calculation and others’ results is generally
acceptable, and the discrepancies may be caused by the calculation
methods and defects (cracks, voids and grain boundaries) in experi
mental samples, which have not been modelled in our study. Besides,
our calculations are performed at T = 0 K, which will affect the results
[47]. Referring to the previous computational work, the pseudo poten
tials describing the core electrons is different in CASTEP code that is
used in ref. [46], which may be the main source of discrepancy between
previously calculated data and our results. A slight decrease exists on the
bulk modulus for the configurations with a single He interstitial. It may
be associated with the change of local chemical bonding induced by
helium absorption. Up to now, there is no relevant report about the
impact of the behavior of He on the mechanical properties of La2Sn2O7
pyrochlore. In order to predict the impact, the elastic parameter of
La2Sn2O7 with low helium concentration also has been calculated. From
section 3.2, helium atom prefers to occupy the octahedral interstitial
site, He atoms are added to undivided octahedral sites until the con
centration up to ~ 3.3 at.% and formed the configurations of He2c and
He3b. Besides, due to helium atom prefer to locate at separated octa
hedral interstitial sites, He atoms are also added to the separated octa
hedral sites until the theoretical concentration up to ~ 6.4 at.% in the
configurations of He2a, He2b, He3a, He4a, He5a and He6a. The results
summarized in Table 7 show no significant changes in mechanical

(11)

CA
EfCA = Etot
− Etot

ECA
tot and Etot represent the total energies of He-La2Sn2O7 systems with
a cation antisite defect and the total energies of a He-La2Sn2O7 system
without a cation antisite defect. The antisite defects are constructed by
exchanging two neighboring cation atoms. The results are summarized
in Table 5, showing that He-La2Sn2O7 systems have lower formation
energies and are more prone to form the disordered fluorite structure. In
this sense only, it will be likely to have lower the amorphization sus
ceptibility under irradiation. In addition, the pyrochlore with clustered
helium atoms has lower cation antisite defect formation energy than that
with separated helium interstitials. From Table 1-5, there is a potential
correlation that the systems with lower cation antisite defect formation
energy tend to have the less stable configuration with larger volume
distortion, which can be reflected more clearer in configuration O-O,
He2c and He3b.
In order to predict the impact of cation antisite defect on the for
He(AS)

mation energy of He atom in different interstitial sites, Ef
EfHe(AS) = EHe+AS − EAs − EHe

He formation energy (F)

Table 7
Elastic constants and bulk modulus for pure La2Sn2O7 pyrochlore and the con
figurations with He interstitials. The unit is GPa.

< Sn-O48f>, <La-O8b > and < La-O48f > bond length increases to 2.101
Å, 2.349 Å and 2.640 Å, respectively. For the He atom on the Oct. site,
the bond distance of these three bonds increases to 2.110 Å, 2.365 Å and
2.763 Å, respectively.
The increase of these cationic-oxygen bond distances will result in
the change of polyhedron at La site approaching to a regular cube and
the distortion of the SnO6 coordination octahedron approaching to a
trigonal antiprism, which will lead to the structure more compatible
with the fluorite superstructure. These trends are in agreement with the
results concluded by the change of xO48f . With the number of He in
terstitials increasing, the increasement of bond length and the lattice
swelling varies and will not be enumerated here.

calculated using the following equation (12):

Site
La-La
O-O
Sn-Sn
Oct.
Tet.

has been

(12)

EHe(AS)
represent the formation energies of the He atom at different
f

interstitial site with a pre-existing cation antisite defect. EHe+AS is the

5
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Fig. 3. The DOS distribution for He-La2Sn2O7 systems. ((a)La-La; (b)Sn-Sn; (c)O-O; (d) Tet.; (e) Oct.)

properties of La2Sn2O7 pyrochlore induced by the increasing of He
concentration.

in La2Sn2O7 pyrochlore, the total electronic density of states (DOS) for
He-La2Sn2O7 and partial density of state (PDOS) for La, Sn and O atoms
close to the Fermi level are performed, and the results are shown in
Fig. 3 (a)-(e). The configurations and relative locations of these atoms
can be identified in the Fig. 1. Fig. 3 (a), (c) presents the DOS and PDOS
of He occupies the midpoint of two La atoms (La-La) and two O atoms

3.5. Electronic properties
For a deeper understanding of the relative stability of He interstitials
6
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Fig. 4. The 2D differential charge density contours of (a) La-La, (b) Sn-Sn, (c) O-O (d) Tet. (e) The 3D differential charge density with He atom at octahedral site, the
cyan and yellow regions represent charge depletion and accumulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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(O-O). The results show that there is an obvious peak near the Fermi
level in the DOS of He, which indicates the stronger hybridization occurs
between the He 1 s and O 2p states. Fig. 3 (b), (e) shows the DOS and
PDOS of He occupies the midpoint of two Sn atoms (Sn-Sn) and tetra
hedral site (Tet.). It can be found that the peak in the DOS of He shifts
towards lower energy levels and the stronger hybridization still occurs
between the He 1 s and O 2p states. From Fig. 3 (d), it is of interest to find
that the interaction of octahedral He interstitial with its neighbor atoms
leads to a lower DOS of He than that of other configurations. By
comparing all the DOS data, it can be found that there is no significant
effect on the PDOS of La, Sn and O after helium atoms absorbed in
La2Sn2O7 pyrochlore. Such changes and differences in the DOS of HeLa2Sn2O7 with different configurations may be the source of different
structural and mechanical stability.
In order to intuitively understand the interaction between single
helium and the surrounding atoms in the configurations discussed
above, the difference between the electron charge density of HeLa2Sn2O7 systems and the La2Sn2O7 pyrochlore host and a free He atom
has been performed. The results are shown in Fig. 4 (a)-(e) and the unit

is e/Å . The best contour plane passing through He, O9 and O56 atom in
La-La configuration and He, O1 and O22 atom in O-O configuration have
been positioned, and the results are shown in Fig. 4 (a) and (c),
respectively, which also show the chemical interaction between He and
oxygen atoms. Moreover, the asymmetric interactions may give the
reasons why He interstitials at La-La and O-O sites can give rise to the
larger structural distortion and higher formation energy described in
section 3.1 and 3.2. There are almost the same results in Fig. 4(b) and
(e), where the best contour plane passes through He, O1, O17, O39 and
O41 atoms. It is obvious that there exists charge transfer between helium
and oxygen atoms. That is, helium atom is absorbed through a chemical
interaction in this pyrochlore. The same interactions have also been
found in octahedral interstitials (Fig. 4 (e)), where the best plane is hard
to be confirmed to visually describe the electron charge density and the
interaction between the single helium atom and the surrounding atoms,
so the whole octahedral spatial charge distribution is presented here.
From Fig. 4(b), (d) and (e), nearly the same charge transfer mainly oc
curs between the helium and its neighboring oxygen ions, which will
lead to almost symmetrical chemical interactions and then make the

Fig. 5. Migration pathway for He atom from (1) La-La, (2) Tet. and (3) O-O to Oct. site. The local La2Sn2O7 pyrochlore structures including a He atom are illustrated
in the figure, the green, gray, red and ivory spheres represent La, Sn, O and He atoms, respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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helium atom more stable in octahedral and tetrahedral sites. Besides, the
differential charge density contours can also provide some explanations
about the difference in formation energy in Table 1.

systems. The migration paths and energy barriers of He in La2Sn2O7
pyrochlore are calculated using the CI-NEB method within density
functional theory framework. The most favorable pathway for He to
migrate is from an Oct. site to a neighboring Oct. site through the O-O
site with an energy barrier of 1.39 eV. The diffusion of He can cause the
distortion of local structure due to the interaction between He atom and
surrounding its atoms. This study renders a deep cognition to the
behavior of He in pyrochlores and will improve the theoretical research
of pyrochlore in the field of high-level nuclear waste forms.

3.6. The mobility of He in La2Sn2O7
3.6.1. Atomic structures
In computing the migration behavior of He in La2Sn2O7, the Oct. site
He(Int)

(see Fig. 1) with the lowest Ef

(see Table 1) is the preferred position

for He to occupy and it will be used for the final state in He-La2Sn2O7
systems. To investigate the migration barriers and the migration paths of
He, different cases are tested and calculated, i.e., the helium atom
travels the unstable interstitial positions with higher formation energy
to another adjacent octahedral interstitial site. Here, the La-La, O-O and
Tet. interstitial locations (see Fig. 1) are considered and each of them
could be a possible energetic path for He atom to diffuse in La2Sn2O7
pyrochlore. The Sn-Sn site is also treated as the tetrahedral interstitial
site, because the Sn-Sn interstitial will relax into the tetrahedral position
and they will maintain considerable formation energies [21].
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3.6.2. Migration paths and barriers of He in La2Sn2O7
Fig. 5 shows the possible migration pathways of He interstitial in
La2Sn2O7 pyrochlore. Similarly, the first case is He interstitial moving
through the La-La site to reaching an adjacent Oct. site. The computed
energy difference between the initial and the final state in Fig. 5-(1) is
1.60 eV. In the second case, the migration barrier (0.67 eV) from the Tet.
site to reach an adjacent octahedral interstitial site has been found and
shown in Fig. 5-(2). The position corresponding to the highest energy
has been found at the reaction coordinate of 1.35 Å and its local struc
ture is also available in Fig. 5-(2). The last pathway is from O-O site to an
adjacent Oct. site and the energy difference relative to initial state (1.39
eV) has been illustrated in Fig. 5-(3). The local structure distortions
induced during He diffusion have been observed and the details have
also been listed in Fig. 5. In He-La2Sn2O7 system, O-O and La-La inter
stitial sites are the unstable states and He interstitial could be degen
erated from these sites spontaneously. In combination with the energy
difference relative to the initial state, it can be concluded that He
interstitial migrating from octahedral site to an adjacent octahedral site
through O-O site is the most favorable pathway with an energy barrier of
1.39 eV.
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