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Abstract

We investigate helium interactions with lithium using density functional theory.

Like other body-centered cubic (bcc) metals, the lowest-energy site for interstitial

helium is a tetrahedral site. However, helium in lithium shows a higher sub-

stitutional formation energy than either the tetrahedral or octahedral interstitial

formation energies, which is unique. The calculated migration energies of helium

in lithium are also very low (∼ 1 meV), an order of magnitude lower than those

in other bcc metals. We find an increase in the binding energy to a vacancy as

the number of helium atoms bound to it increases. The extremely low migration

energies suggest that helium transport in lithium will be very fast.
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1. Introduction

Lithium is potentially an important element in the context of magnetic fusion

devices. Lithium-coated surfaces and lithium powder or aerosol injection have

been tested in several fusion devices around the world [1–9] and have been found
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to increase plasma confinement and improve plasma edge conditions [10–12]. This

behavior is due in part to lithium’s ability to trap hydrogen isotopes [13], which

has the net result of decreasing fuel recycling at the plasma edge, leading to higher

confinement and fewer disruptions [11, 14, 15]. Lithium is also expected to be the

primary tritium-breeding material in fusion reactors [16]: the reactions

n0 + 6
3Li 3

1H +
4
2He + 4.784 MeV

n0 + 7
3Li 3

1H +
4
2He + n0 − 2.467 MeV,

primarily the one involving 6Li (which has a high absorption cross section of

940 bn for thermal neutrons at 20 °C [17]), are the primary method of producing

tritium (3H) for fusion and other applications.

Lithium has also been proposed as a liquid wall-coating “armor” to protect

plasma-facing components [18–20]. The advantages of such liquid-walled plasma-

facing components are many, among them being that lithium is a low-atomic-

number element whose ions create very little Bremsstrahlung, and thus minimal

energy loss results when lithium atoms enter the plasma. Lithium’s surface tension

is high enough that it can be used on the underside of surfaces without dripping.

Perhaps the most obvious advantage to liquid-walled components is durability:

liquids can be constantly replenished, allowing for ease of impurity removal, and

they are free from the radiation damage commonly associated with solids [21, 22].

Liquid metals are also largely immune to surface erosion and other features that

plague solid plasma-facing components [23, 24], as any evaporation can quickly
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be replaced. However, the introduction of lithium into plasma-facing materials

will create new materials challenges and may impact the transport of helium,

the product of the fusion reaction, through the divertor and other plasma-facing

components.

A necessary first step in the simulation of helium interactions with lithium

and lithium–metal interfaces is the development of a lithium–helium interatomic

potential. Such an interatomic potential, as well as the simulations that would

use it, require knowledge of the energies of different helium–lithium and lithium–

lithium atomic arrangements, including formation energies of defects, migration

energies, and other similar data. Such data are often generated through methods

such as electronic structure theory, which we employ here.

This study calculates the energies of several point defects in lithium as well

as the formation, binding, and migration energies of helium atoms and clusters

trapped in lithium. These results are important to the fusion materials community,

as they provide a necessary first step in the simulation of helium interactions

with lithium-decorated surfaces and lithium–metal interfaces in plasma-facing

materials. The results also reveal that the formation energies of helium defects in

lithium are qualitatively different than in other body-centered cubic (bcc) metals.

Specifically, we find that the formation energy of helium in substitutional positions

(i.e., occupying a lattice position normally occupied by lithium) is higher than the

helium interstitial formation energies. This may be attributable to lithium’s large

lattice parameter, which follows from its nature as an alkali metal.

3



 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
2. Methods

We performed all of our calculations using density functional theory (DFT)

with plane-wave basis sets as implemented in Quantum ESPRESSO [25]. Projec-

tor augmented wave (PAW) [26] pseudopotentials from Quantum ESPRESSO’s

PS library [27, 28] were used. The density functional of Perdew, Burke, and

Ernzerhof (PBE) was used as the exchange–correlation functional [29, 30]. We

used a 4× 4× 4 supercell of bcc lithium, which consists of 128 atoms, to simulate

defects. Brillouin zone sampling was performed using the scheme of Monkhorst

and Pack [31] with a :-point mesh of 5× 5× 5. The plane wave cutoff energy was

50 Ry. The equilibrium lattice parameter obtained was 3.436 Å for bcc lithium.

All defect calculations were performed by fully relaxing the atomic positions in

the supercell at constant volume using this lattice parameter.

The formation energies are calculated as follows:

�oct
5 = �Li+Heoct − �Li# − �Heisolated (1a)

� tetr
5 = �Li+Hetetr − �Li# − �Heisolated (1b)

��5 = �Li#−1 −
# − 1
#

�Li# (1c)

�subs
5 = �Li+He� −

# − 1
#

�Li# − �Heisolated . (1d)

Here, �Li+Hetetr/oct is the energy of a system in which helium is situated at either

octahedral or tetrahedral sites in bcc lithium. �Li+He� is the energy of a system

in which helium is in a substitutional position, �Li# is the energy of a defect-free

4



 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
lithium supercell containing # atoms, and �Heisolated is the energy of an isolated

helium atom. �Li#−1 is the energy of a lithium bcc supercell with a lithium

self-vacancy present.

The formation energy of a self-interstitial atom (SIA) is calculated using

�SIA
5 = �Li#+1 −

# + 1
#

�Li# , (2)

where �Li#+1 is the energy of a system with a lithium self-interstitial atom starting

in either an octahedral or tetrahedral position. The binding energy of two helium

atoms is determined via the formula

�
He1–He2
1

= �Li# +He1 + �Li# +He2 − �Li# +He1+He2 − �Li# . (3)

Here, �Li+He1 is the energy of the supercell with a single helium interstitial present,

and �Li# +He1+He2 is the energy of the supercell containing two nearby helium atoms

in interstitial positions. For more than two helium atoms, the following equation

is used to calculate the binding energies between them:

�
He=
1

=

(
=∑
8=1

�Li# +He8

)
−

[
�Li# +He= + (= − 1)�Li#

]
. (4)

The helium–helium dumbbell formation energy (two helium atoms sharing a va-

cancy) can be calculated using the following equation:

�He−�−He
5 = �Li#−1+He−�−He −

# − 1
#

�Li# − 2�Heisolated . (5)

5



 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Here, �Li#−1+He−�−He is the energy of a supercell containing the helium dumbbell.

Nudged elastic band (NEB) calculations [32–34] of themigration energies used

seven images along the migration pathway. The minimum-energy pathway was

first estimated without a climbing image, then a climbing image NEB calculation

was performed to converge to the minimum-energy pathway. The path threshold

variable (convergence parameter) was set to 0.05 eV/Å, and the optimization used

Broyden’s second method, a quasi-Newton method (the suggested method), with a

step length parameter of 0.5 bohr. The spring constant was allowed to vary within

the range suggested by the software during the first series of NEB steps.

3. Results and Discussion

3.1. Lithium Self-Interstitials and Self-Vacancies

We calculated the formation energies for different configurations of the self-

interstitial atoms and the vacancy formation energy for lithium. The results are

presented in Table 1. Our results are comparable with previous DFT calculations

and with experiments. Earlier DFT studies produced formation energies of lithium

self-vacancies from 0.52 to 0.57 eV [35–38], compared to our value of 0.496 eV.

The discrepancy could come from the size of the supercell, elastic interaction, the

density functional, and the quality of the pseudopotential.

We also calculated the self-interstitial formation energy of lithium. Octahedral

self-interstitials are unstable and relax to a dumbbell oriented in one of the 〈1 0 0〉

directions (these SIA dumbbells are similar in appearance to the helium dumbbells

shown in Fig. 1). Tetrahedral self-interstitials are also unstable and relax to 〈1 1 0〉
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Table 1: Calculated vacancy formation energy ��
5
, vacancymigration energy ��<, and various split-

dumbbell and self-interstitial formation energies in lithium. Results are compared with previous
theoretical and experimental results (experiments in italics).

Defect Energy (eV) Previous Work

vacancy (��
5
) 0.496 0.506 [39]

0.52 [38]
0.480 [40]

vacancy (��<) 0.086 0.053 [39]
0.038 [40]

〈1 1 1〉 dumbbell (� 5 ) 0.589 0.573 [41]
〈1 1 0〉 dumbbell (� 5 ) 0.646 0.637 [41]
〈1 0 0〉 dumbbell (� 5 ) 0.791 0.782 [41]
tetrahedral (� tetr

5
)0 0.646 0.696 [41]

octahedral (�oct
5
)1 0.793 0.785 [41]

0 equivalent to 〈1 1 0〉 dumbbell formation
1 equivalent to 〈1 0 0〉 dumbbell formation

dumbbells. The lowest-energy dumbbell orientations are the 〈1 1 1〉 orientations,

which is a similar trend as in other non-ferromagnetic bcc materials. The vacancy

formation energy is slightly lower than Frank et al.’s value (0.52 eV) [38] and Ma

and Dudarev’s value (0.506 eV) [39], while the migration energy of the vacancy in

〈1 1 1〉 directions is slightly higher than that found by Ma and Dudarev [39]. The

self-interstitial dumbbell formation energy is comparable to the values reported by

Ma and Dudarev [41].

3.2. Helium in Lithium

We now turn our attention to helium interactions with lithium. During the

operation of a plasma device in which lithium is present, any lithium-coated

surfaces will interact with high fluxes of helium and hydrogen isotopes. There

7
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Figure 1: Helium–helium dumbbells in different orientations in the bcc lithium unit cell. Note that
lithium self-interstitials form dumbbells with similar orientations.

will also be (n,α) reactions that transmute lithium to hydrogen and helium. These

processes will build up a substantial amount of hydrogen and helium inside the

plasma-facing material. Significant research has been and is still being performed

to understand the behavior of helium in metals [23, 42, 43].

One of the major challenges is the low solubility of helium in metals. Helium

atoms in a metal may find low-energy positions either in substitutional or inter-

stitial lattice sites. We calculated the formation, migration, and binding energies

of different configurations of helium (Figs. 1 and 2) in substitutional as well as

interstitial positions in lithium. The results are presented in Table 2. We compare

our results to similar configurations in tungsten and iron, two common bcc metals

used in plasma devices. Our calculations predict that the tetrahedral interstitial

8
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Table 2: Formation energies (� 5 ), binding energies (�1), and migration energies (�<, all in eV)
for helium located at octahedral or tetrahedral interstitial sites as well as substitutional sites. The
results are compared with helium interactions with tungsten and iron, which are both bcc metals at
standard temperature and pressure.

Quantity Li–He W–He [44] Fe–He [46] Fe–He [45]

�oct
5

1.142 6.38 4.60 4.58
� tetr
5

1.132 6.16 4.37 4.40
�subs
5

1.213 4.70 4.08 4.23
�T−T
< 0.003 0.06 0.06
�T−O−T
< 0.013
�O−O
< 0.004
�

Het−Het
1

0

0.209 1.03

�
Hes−�
1

1

0.211 0.78
�

Het−�
1

2

0.421 2.30
0both helium atoms at adjacent tetrahedral positions (red sites in Fig. 2)
1one helium atom at a substitutional position binding to a vacancy to form a He�2 cluster
2one helium atom starting at a tetrahedral position and binding to a vacancy to form substitutional
helium

position is the lowest-energy interstitial site for helium, which is also the case for

other bcc metals such as tungsten and iron [44, 45]. However, the difference be-

tween the octahedral and tetrahedral interstitial formation energies is only 0.01 eV.

This is very low compared to tungsten–helium (0.22 eV [44]) and iron–helium

(0.23 eV [46]).

The formation energy of helium in a substitutional position in lithium is

1.213 eV, which is higher than both the tetrahedral and the octahedral intersti-

tial formation energies (which are 1.132 eV and 1.142 eV, respectively). This is an

atypical result compared to helium in other bcc metals or in fcc metals, for which

the substitutional site has a significantly lower formation energy than the two in-

9
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Figure 2: Tetrahedral (©) and octahedral (�) sites in a bcc crystal. Three different transition states—
tetrahedral to tetrahedral (T−T), octahedral to octahedral (O−O) and tetrahedral to octahedral to
tetrahedral (T−O−T)—are shown.
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terstitial sites [44, 46–48], and is more consistent with the energetics of helium in

hexagonal close-packed (hcp) metals [49, 50]. We reproduced this result using a

different DFT package (i.e., Abinit [51, 52]) and got the same values. We also got

similar values using ultrasoft pseudopotentials in Quantum ESPRESSO. This is

an intriguing result, and will have implications for future simulations of helium in

lithium.

Next, we calculated the binding energy of helium to a vacancy. The substi-

tutional formation energy is higher than the two interstitial formation energies,

though the substitutional site is still the energetic minimum in the presence of a

vacancy. The binding energy of helium in a substitutional position to a vacancy

is 0.21 eV. The binding energy of helium at a tetrahedral interstitial site to a

vacancy is 0.42 eV. The binding energy between two helium atoms at nearby

interstitial sites is 0.209 eV, which is lower than that in the tungsten–helium system

(1.03 eV [44]). The binding energy of multiple helium atoms to a vacancy is also

calculated, and the result is shown in Fig. 3. There is a nearly linear increase

in the binding energy as the number of helium atoms increases (Table 3), which

indicates that a group of helium atoms will tend to aggregate onto a vacancy and

that helium bubble self-nucleation will likely occur in lithium, as it does in other

bcc metals [53]. Note that the “binding energies” of He=� clusters calculated here

are not necessarily reflective of the global minimum-energy configurations for

= ≥ 3: the number of possible configurations increases rapidly with =, making it

impractical to compute all of the corresponding energies. For similar reasons, we

did not compute the migration pathways associated with clusters of two or more

11
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Figure 3: Binding energy of = helium atoms to a vacancy for = ∈ [1, 8].

helium atoms as part of this study: the number of pathways that would need to

be calculated is immense and impractical to do by brute force. There has been

work to calculate such pathways for helium in tungsten using interatomic potentials

combined with temperature-accelerated dynamics (TAD) [54]—future work (once

an interatomic potential is available) may explore this for lithium as well.

Two helium atoms around a vacancy form a split dumbbell, much like lithium

self-interstitials do. The formation energy varies based on the orientation of the

dumbbell. The helium dumbbell formation energies are presented in Table 4. The

lowest-energy dumbbells have 〈1 1 1〉 orientations (Fig. 1).

The migration energies of helium from one tetrahedral site to a nearby tetra-

hedral site (Fig. 2) were calculated using the nudged elastic band method [32–34].
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Table 3: Binding energy of = helium atoms to a vacancy.

= �1 (eV)

1 0.415
2 0.898
3 1.249
4 1.903
5 2.194
6 3.062
7 3.216
8 3.925

Table 4: Formation energies (� 5 ) of He–He split dumbbells bound to a vacancy.

Orientation � 5 (eV)

〈1 1 1〉 1.844
〈1 1 0〉 1.863
〈1 0 0〉 1.879

Assuming that the diffusion rate is limited by the vibrations of the crystal (i.e.,

diffusion via activated processes), the migration energy for a bcc lattice is linked

to the diffusion coefficient via the equation [55–57]

� =
02

42
a‡ exp

(
−Δ�<

:�)

)
≈ 0

2

42
:�)

ℎ

&TS
&IS

exp
(
−�<
:�)

)
≈ 0

2

42
:�)

ℎ
exp

(
−�<
:�)

)
, (6)

where &IS is the vibrational partition function of the initial state and &TS is the

vibrational partition function of the transition state with the vibrational mode

along the minimum-energy pathway removed. The factor 02/42 is specific to bcc

materials [58].
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The migration energy from one tetrahedral site to an adjacent tetrahedral site

(Fig. 2) is only 0.003 eV, indicating that helium interstitials will be very mobile

in lithium. Helium has a much higher migration energy (�T−T
< ) in both tungsten

(0.06 eV [44]) and iron (0.06 eV [45]). The migration energy from one octahedral

site to the next octahedral site (�O−O
< ) without passing through a tetrahedral site

in lithium is 0.004 eV, which is also very low. These low migration energies may

be a result of the larger size mismatch between lithium and helium than between

tungsten or iron and helium (the respective atomic radii are 31 pm, 145 pm,

140 pm, and 135 pm for helium, lithium, iron, and tungsten [59]): that is, lithium

is (somewhat counter-intuitively) larger than iron or tungsten, or indeed most

metals other than the alkali or alkaline earth metals.

4. Conclusion

The low migration energies—which are much lower than :) for relevant

temperatures—indicate that helium would be highly mobile in bulk lithium, much

more so than in other bcc metals, prior to bubble nucleation. It also indicates

that bulk helium diffusion in lithium should be more akin to diffusion in gases or

liquids, with a )3/2 dependence of the diffusion coefficient arising from transla-

tional motion, but without the Arrhenius temperature dependence associated with

vibrational motion. This result, combined with the higher formation energy of

substitutional helium compared to interstitial helium, suggests that helium trans-

port in lithium will be fundamentally different than it is in iron, nickel, tungsten,

and other metals.
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Formation energy in lithium is higher for substitutional than interstitial helium
Helium migration energies in lithium are extraordinarily low
Helium bubbles will likely form spontaneously, as in other bcc metals
The 〈111〉 dumbbell is the most favorable for lithium and di-helium interstitials
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