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The chemical reactivity of the noble gas elements has 
been an active area of research for decades. At ambient 
conditions, it is known that the outer electronic shells of 
the heaviest noble gases can be broken up to form gas 
phase or solid compounds [1,2]. External pressure 
generally increases the reactivity of all noble gas elements, 
leading to formation of numerous compounds that are 
dominated by van der Waals, ionic, or covalent 
interactions [3-5]. This has potentially far-reaching 
consequences, for instance to understand the low 
abundance of xenon in the atmosphere, to estimate the 
helium storage capacity in Earth’s crust and upper mantle, 
or to model the interiors of giant gas planets.  

Electronic structure calculations can give detailed 
insights into what stabilizes such compounds. Here, we 
discuss a variety of studies by us and others into the 
chemistry (or lack thereof) behind the formation of 
compressed noble gas compounds [6-8]. 

 

 
Figure 1. Electronic localization function (ELF) in Xe3O2 at 

100GPa [6]. 
We will discuss molecular van der Waals compounds 

formed by He or Ne with small polar and non-polar 
molecules in the 1-10GPa range. Wave-function based 
approaches can fully capture dispersion interactions and 
allow us to assess the ability of standard density functional 
theory to describe the weak hydrophobic-hydration 
interactions in these systems as function of pressure.  

We will also discuss the propensity of noble gases to 
form covalently bound solids in the 10-100GPa range, a 

research area where crystal structure searching has true 
predictive power.  

Lastly, we will show how the absence of chemical 
bonds, as seen in the Na2He compound [9], does not 
preclude formation of noble gas compounds at even higher 
pressures, a concept that lends itself to interesting 
predictions to find noble gases in places they were not 
hitherto considered. 

 

 
Figure 2. Schematic 1D illustration of noble gas inclusion in 

ionic compounds [7]. 
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from 50 to 300 GPa, although the compounds are not stable. Both
MgOHe and LiFHe form a structure with P63/mmc symmetry. In
this structure, shown in Fig. 2d, He atoms occupy a simple
hexagonal lattice, while Mg and O occupy hcp lattices. The
combination of He and either Mg or O forms a NiAs structure.
The Mg and O atoms form an open structure that can
accommodate linear chains of He atoms. Both Mg and O atoms
have a coordination number of 5.

By studying the electronic structures of these compounds, we
can quantitatively examine whether He forms any chemical
bonds with the neighboring atoms and species in these inclusion
compounds. First, we calculate the electronic localization function
(ELF), shown as cross sections in Fig. 3. ELF values close to 1
indicate a high probability of a fully occupied electronic state,
such as a filled electronic shell or a covalent bond. As we can see
in Fig. 3a, b for both MgF2He and MgOHe, the ELF has localized,
distorted spherical shells around all atoms that are separated by
regions of near-zero ELF. The lack of any local ELF maxima away
from the atomic sites means that no covalent bonds form between
He and the other atoms, nor between Mg and F in MgF2He, and
Mg and O in MgOHe. The latter is expected, as the interactions
between Mg2+ and F−, and Mg2+ and O2− are dominantly ionic.
A topological analysis of the charge distribution in both
compounds52 confirms this: at 300 GPa, the calculated Bader
partial charges on Mg/F and Mg/O in MgF2He and MgOHe are
+1.71/−0.83 and +1.64/−1.56, respectively; the He atoms in
both compounds are essentially neutral (0.04 for MgF2He and
0.07 for MgOHe, respectively; Fig. 3). The major change to the
chemical bonding upon insertion of He into the MgF2 and MgO
lattices is the change of ionic interactions, in other words
Madelung energies, which will be discussed further below.

The inertness of He in these He-salt compounds can also be
demonstrated through the electronic projected density of states
(PDOS). We calculate and compare three PDOSs for the MgF2
and MgF2He compounds. First, we obtain the PDOS of Mg-s/p,
F−s/p, and He-s states in MgF2He at 300 GPa. Second, we obtain
the PDOS of Mg-s/p and F-s/p states in a contrived MgF2
compound in which Mg and F atoms occupy the same positions
as in MgF2He at the same pressure. We denote this compound as
MgF2[He]. Third, we obtain the PDOS of Mg-s/p and F-s/p states
in MgF2 in its most stable structure (Pnma symmetry) at 300
GPa. The highest valence bands of all three compounds
(Fig. 3c–e) are dominated by the F-2p states of approximately
the same width (8–10 eV), and all exhibit very large bandgaps.
The He-1s states are mostly located at −15 to −10 eV, but also to
some degree around −3 eV, which could just be part of the F-2p

states due to overlap of the atom-centered projection spheres.
Most importantly, however, after removing the He atoms from
MgF2He but keeping the structure unchanged (MgF2[He]; Fig. 3d)
the F-2p states are almost unchanged. This implies that the
interaction between He and other atoms in MgF2He is very small,
and there is no hybridization and no chemical bond formation.

More detailed discussions of the effects of He insertions on the
electronic and atomic structures of ionic compounds can be
found in the Supplementary Information (see Supplementary
Notes 2 and 3 as well as Supplementary Figures 2 and 3).

The driving force of He insertion. Now we will focus on the
mechanism of why stable He+ ionic compounds form under
pressure. The key issue is why He forms stable compounds with
1:2 (or 2:1) ionic compounds but not with 1:1 compounds. The
reason for this can be more easily explained using an example in
one spatial dimension. In Fig. 4, we present a very simple, one-
dimensional (1D) representation of ionic crystals. The figure
shows that in a 1D ionic compound with cation:anion ratio of 1:1
(AB type), the cations and anions are arranged in an alternating
fashion; for fixed atomic separation (determined also by the
repulsive interactions among atoms in real materials), this is the
state with the lowest Madelung energy. If such a compound forms
a mixture with NG atoms, the average distance between A and B
must increase, increasing the Madelung energy. As a result, the
products of AB-type compounds and NG elements will be less
stable than the separated phases. On the other hand, for 1D ionic
compounds with 2:1 ratio (A2B type), the ground state contains
units of A-B-A (here, we set A as +1 positive-charged and B as
−2 negative-charged ions) that repeat infinitely. At the interface
of two A-B-A units we will have two A atoms repelling each
other. Thus, when NG atoms are inserted in between two A ions,
the distance between these two A ions increases, which lowers the
Madelung energy, making the structure more stable. The 1D ionic
chain model based purely on Coulomb interactions can be solved
analytically (see the Supplementary Note 4 and Supplementary
Figure 4) and confirms that the insertion of He in A2B-type
compounds will lower the Madelung energy, whereas the inser-
tion in AB-type compounds will raise the Madelung energy.

As revealed by the density functional theory calculations and
the subsequent analysis of the electronic and structural properties
of real He-inclusion materials, it is suggestive that the essence of
the mechanism of their stabilization is a modification of
electrostatic interactions, i.e., the change of the Madelung energy.
This theory is revealed clearly by the simple 1D picture just
introduced. However, when discussing the stability of real three-
dimensional (3D) materials under pressure, many other factors
need to be considered, which will somewhat obscure the above
simple argument. Obviously, the effect of the insertion of helium
is much smaller in 3D materials because the interstitial sites are
naturally larger. Interestingly, both He-inserted AB2 and AB types
of ionic compounds show high symmetry lines in their structures
(Fig. 2c, f) with the same pattern as we show in Fig. 4.

In order to study the effect of the insertion of He atoms in ionic
compound lattices, we discuss separately the two enthalpy
contributions of PV work and internal energy, i.e., H= E+ PV.
We then monitor the changes ΔE and Δ(PV) upon the insertion
reaction, i.e. between the constituents and the product com-
pound. We calculate and plot the two terms as functions of
pressure in Fig. 5 for all compounds considered (see more
compounds in Supplementary Note 5 and Supplementary
Figure 6). It is obvious that Δ(PV) is zero at ambient conditions
(P= 0). For reactions involving AB2 or A2B compounds, Δ(PV)
quickly drops to significantly negative values as a function of
pressure. It becomes about −0.2 eV/formula unit for Li2O and
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Fig. 4 One-dimensional schematics of He insertion in AB and A2B types of
ionic compounds. The large red and blue filled circles represent the ions
with +2 and −2 charges; the small red filled circles represent the ions with
+1 charge; the white circles represent the neutral helium atoms
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