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Abstract

Evolutionary searches were employed to predict the most stable structures of perovskites

with helium atoms on their A-sites up to a pressure of 10 GPa. The thermodynamics associated

with helium intercalation into [CaZr]F6, structure that [He]2[CaZr]F6 adopts under pressure,

and the mechanical properties of the parent perovskite and helium-bearing phase were studied

via density functional theory (DFT) calculations. The pressure-temperature conditions where

the formation of HeAlF3, HeGaF3, HeInF3, HeScF3 and HeReO3 is favored from elemental

helium and the vacant A-site perovskites were found. Our DFT calculations show that entropy

can stabilize the helium-filled perovskites because the volume that the highly compressible

noble gas atom occupies within the perovskite pores may be larger than the volume it adopts

in its elemental form under pressure. We find that helium incorporation will increase the bulk

modulus of AlF3 from a value characteristic of tin (∼50 GPa) to one characteristic of stainless-

steel (∼160 GPa), and hinders rotations of its octahedra that occur under pressure.
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Introduction

Helium, whose abundance in the Universe is only rivaled by hydrogen, came into existence during

the Big Bang nucleosynthesis that occurred moments after the Cosmos began. Billions of years

later the extreme pressures and temperatures found in the stars continue to be a source of helium,

which is produced within them via fusion reactions. As a result, this second lightest element

is prevalent in the stars, in gas-giants, and it may be stored deep within our planet.1,2 However,

helium is relatively rare in the Earth’s atmosphere and its shortage impacts the deployment of

weather balloons, cooling of medical and scientific equipment, and children’s birthday parties.

Part of the reason for this terrestrial shortage is helium’s inertness – it is the least reactive of all of

the elements because of its high ionization energy, ∼25 eV, and basically zero electron affinity.3,4

At atmospheric conditions, helium is a constituent of a number of cationic and anionic com-

plexes,5–9 including HHe+, already characterized in 1925. 10–13 It has also been trapped in fullerenes14,15

and experiments suggest that other weak interactions besides van der Waals (vdW) are important

for the formation of the CCl4-He complex.16 However, a compound where helium forms a genuine

chemical bond in an electrically neutral molecule has yet to be experimentally discovered. First

principles calculations have proposed a number of potentially synthesizable helium-containing

vdW complexes including HeBeO, HeLiF, HeLiH, and HeBN,6,17–19 where small highly-polar

molecules perturb the noble gas atom. Metastable complexes such as (HeO)(LiF)2, which consists

of a covalently bonded He-O molecule placed within an LiF ferroelectric cavity,20 and HHeF,21

where a non-negligible amount of charge is transferred from helium, have also been proposed.

Another example where chemical bonding, this time between two helium atoms, was suggested is

in hypothetical He2@B12N12 wherein the confinement within the small molecular cage coerces the

noble gas atoms to interact.22

With the notable exceptions of He@C60 and He@C70,23 helium has not been incorporated into

a solid crystalline material at ambient conditions. Because high-pressures can be harnessed to cre-

ate compounds with novel compositions and electronic structures, making use of unique bonding
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schemes,24–26 materials and planetary scientists have searched for stable or metastable helium-

containing compounds under pressure for decades.27–29 In this context, crystal structure prediction

(CSP) techniques30,31 combined with first-principles calculations have uncovered intriguing ma-

terials that may be constituents of ice-giant planets including (H2O)2He at 300 GPa,32 various

He-NH3
33,34 and He-H2O35 phases that possess superionic states at high-temperatures, and He-

CH4 combinations, where temperature induces a “plastic” behavior characterized by protons that

rotate about a fixed carbon atom in methane.36 Another compound predicted to be superionic at

high temperatures, FeHe, and a related FeHe2 phase both become stable at pressures typical of

iron-core white dwarf stars, between 4 and 12 TPa.37 Moreover, it was proposed that helium could

be used as a template to synthesize novel allotropes of nitrogen via quenching phases that are stable

at high pressure – including HeN4,38 HeN22
39 and HeN3

40 – to atmospheric conditions.

A good example of the convergence of computation and experiment was the CSP-aided predic-

tion of a stable Na2He compound that was synthesized above 113 GPa.41 A follow-up theoretical

investigation explained why this crystal lattice is stable though no genuine chemical bonds are

formed between Na and He.42 Na2He is a high pressure electride, consisting of cationic sodium

cores and anionic electron pairs trapped in interstitial sites, so its formula may be written as

[(Na+)2e2−]He. First-principles calculations illustrated that for an ionic compound with a 2:1

or 1:2 ratio of cations to anions, the helium atoms can be placed between the two ions of the

same charge thereby decreasing the repulsion between them and lowering the resulting Madelung

energy.42 Thus, the role of helium within [(Na+)2e2−]He is to mitigate the electrostatic repulsion

between nearby Na+ ions, stabilizing the compound without the necessity of forming chemical

bonds. The [(Na+)2e2−] sublattice of Na2He can as well be described as that of the anti-fluorite

structure, where the He atoms and the interstitial electrons lie on the face-centered cubic (fcc)

sites, while the sodium atoms occupy the tetrahedral sites. CSP calculations have uncovered other

helium-containing systems that are stabilized via the aforementioned mechanism, many that as-

sume similar structure types. This includes FeO2He – where the He and Fe atoms sit on the fcc

sites of a fluorite lattice – stable at P/T conditions relevant to the core-mantle boundary,43 as well
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as compounds that adopt anti-fluorite lattices including HeK2O, HeNa2O, HeK2S and HeRb2S.44

Moreover, helium mixed with polar molecules, such as water and ammonia are also predicted to

be stable when squeezed.45

The remaining helium-bearing compounds that have been synthesized were made at signif-

icantly lower pressures than Na2He, typically <10 GPa. This includes the formation of solid

helium-nitrogen vdW compounds,46 and the absorption of the small helium atom – sometimes

serendipitously because of its use as a pressure transmitting medium47 that retains hydrostatic-

ity until ∼40 GPa48– into water-ice clathrate cages,49,50 and porous compounds such as SiO2
51–53

and As4O6,54–56 for which an isostructural compound with hydrogen, As4O6·2H2, has also been

made57,58. The proclivity of helium incorporation into materials that contain hollow interstices

was leveraged in the synthesis of the first helium-containing perovskite, [He]2[CaZr]F6, which

was proposed as a gas storage material.59,60 [CaZr]F6 is a neutral hybrid double perovskite pos-

sessing vacant A-sites, and so, it is naturally porous. Helium could be inserted into the A-site

cavities using mild pressures, with a solubility higher than in silica-glass or in cristobalite. He-

lium incorporation was shown to affect the mechanical properties of this perovskite, altering its

compressibility and delaying pressure-induced amorphization.59,60

Herein, we present CSP-guided first-principles calculations to explore the incorporation of he-

lium into vacant A-site perovskites with the MX3 stoichiometry that are analogous to [CaZr]F6.59,60

In particular AlF3, GaF3, InF3, ScF3 and ReO3, were selected because their pore sizes may be large

enough to host helium, but not too large to let it move freely within the cavities. The most stable

structures were found up to mild pressures of ∼10 GPa, focusing in particular on the topology of

the pores found within them and the incorporation of helium into these pores. The thermodynam-

ics associated with the helium-insertion mechanism were computed, to guide the development of

future synthesis pathways. A detailed investigation of the preferred structures, band-gaps, bulk

moduli and chemical bonding was performed. The insertion of helium, in particular into the per-

ovskites with the smaller pores, greatly enhances their bulk moduli, presenting helium as a “not so

innocent” guest. Though we do not find any compelling evidence that helium may form ionic or
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covalent chemical bonds with the perovskite framework, our calculations suggest helium incorpo-

ration may decrease the Coulomb repulsion between ions of the same type via screening, similar to

the mechanism stabilizing Na2He.42 Moreover, helium can form weak dispersion-type interactions

with some of the host structures.

Methods

The open-source evolutionary algorithm XTALOPT,61,62 version 12.1,63 was employed to predict

the most stable structures for the MX3 and HeMX3 stoichiometry (M = Al, Ga, In, Sc and Re;

X = F and O) phases. The initial generation consisted of random symmetric structures that were

created by the RANDSPG algorithm,64 together with known R3̄c VF3-type and Pm3̄m ReO3-type

frameworks that were added as initial seeds. A sum of the atomic radii scaled by a factor of 0.6

was used to determine the shortest allowed distances between pairs of atoms. The XTALCOMP al-

gorithm65 was used to identify and remove duplicate structures from the breeding pool. CSP runs

were performed on cells with 2-9 formula units at 1 and 10 GPa. The lowest enthalpy structures

were relaxed from 0-10 GPa (specifically at 0, 1, 3, 5, 7 and 10 GPa), and their relative enthalpies

and equations of states are given in the Supporting Information. Because systems with four ele-

ments are challenging for CSP methods, for [He]2[CaZr]F6 CSP was not performed. Instead, we

have optimized the geometries of both the proposed experimental structures for this stoichiometry

and generated new structures by adapting the predicted HeMX3 frameworks.

Geometry optimizations and electronic structure calculations were performed using the Vienna

Ab Initio Simulation Package (VASP), version 5.4.1.66,67 The PBE68,69 exchange-correlation func-

tional was employed in the CSP searches and the optB88-vdW functional,70–72 which accounts for

dispersion interactions, was used for the final relaxation of the lowest enthalpy structures. The

projector augmented wave (PAW) method73 was used to treat the core states in combination with

a plane-wave basis set with an energy cutoff of 650 eV (1100 eV) for the CSP (final) calculations.

The He 1s2, F 2s22p5, Al 3s23p1, Ga 3d104s24p1, In 4d105s25p1, Sc 3s23p63d14s2, O 2s22p4, Re
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5p65d56s2, Ca 3s23p64s2 and Zr 4s24p64d25s2 states were treated explicitly (Table S1). The k-

point meshes were generated using the Γ-centered Monkhorst-Pack scheme74 and the number of

divisions along each reciprocal lattice vector was selected so that the product of this number with

the real lattice constant was greater than or equal to 50 Å. Dynamic stability was determined via

phonon calculations in the harmonic approximation performed with the Phonopy package,75 on

supercells whose lattice vectors measured at least ∼10 Å. The enthalpies of formation of various

HeMF3 phases were calculated as ∆H = H(HeMX3)− (H(MX3) + H(He)). Experiments per-

formed on helium at temperatures close to 0 K suggest the hexagonal close packed (hcp) phase is

preferred over the face centered cubic (fcc) structure.76 These two phases were isoenergetic within

the optB88-vdW functional, consequently, we opted to use the hcp phase of helium as the reference

state.

Analyzing the extreme, or nodes, of the radial function obtained via Hartree-Fock calculations

that used a minimal basis set of Slater-type orbitals Clementi et al.77 proposed an atomic radius of

helium of 0.31 Å, yielding a sphere volume of 0.125 Å3. Therefore, the volumes of the pores in the

A-site vacant perovskites were estimated using the Mercury 4.0 package78 with a probe of radius

0.31 Å – an approximation of the helium atom – and a grid spacing of 0.1 Å. The probe radius was

moved around the cavity until it touched the vdW radius of an atom comprising the perovskite,

yielding a pore volume that is accessible to the helium guest. For the HeMX3 systems, the volume

of the pores were obtained with the same procedure after manually removing the helium atoms

from the structures. We note that many ways have been devised to define radii, of various types,

associated with atoms. Turning to the ambient-pressure vdW radius of He, Rahm et al.79 defined

this via a cutoff of 0.001 e/Bohr3 on the DFT calculated electron density (at the PBE0/ANO-RCC

level of theory) yielding a value of 1.34 Å and a volume of 10.1 Å3, which is very close to the vdW

radius obtained by Alvarez80 (1.43 Å) and Bondi81 (1.40 Å) from crystallographic data. The vdW

radii of He as a function of pressure that are presented were calculated by Rahm et al.82 using the

eXtreme Pressure Polarizable Continuum Model83 developed by Cammi and downloaded from the

SHARC - Atoms Under Pressure webpage.84
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To better understand the chemical bonding we calculated the crystal orbital overlap/Hamilton

populations (COOP85/COHP86) and the negative of the COHP integrated to the Fermi level (-

ICOHPs)87 using the LOBSTER package.88 Charge-spilling values were calculated to be < 1%,

except for HeReO3, where the charge spilling value was ∼1.5%. Several types of atomic charges

were calculated. Bader charges were obtained either with the BADER code,89 if from VASP out-

puts, or directly with the periodic BAND code.90 BAND was also employed to calculate Hirshfeld

and Mulliken charges91 at the BP86-D4/TZ2P92–94 level of theory on the VASP optimized geom-

etry. Finally, LOBSTER88 was also used to evaluate Mulliken and Löwdin charges from VASP

outputs. We have performed an energy decomposition analysis (EDA) using the Ziegler-Rauk

formalism95,96 within the BAND code, to quantify the nature and the change of the chemical inter-

actions upon compression in HeAlF3.

Mechanical properties including the bulk modulus, B, and shear modulus, G, were calculated

using the AFLOW Automatic Elastic Library.97 In this method the fully relaxed structure is subject

to a set of symmetry dependent deformations. For each of these, the ionic positions are optimized

while the cell size and shape is fixed, and the stress tensors are calculated. The resulting stress-

strain data is fitted to obtain the elastic constants in the form of the symmetric 6×6 elastic stiffness

tensor (Voigt notation). The bulk and shear moduli are calculated from these elastic constants using

the equations provided in Ref. 97 The Vickers hardness was then estimated using the Teter model,

Hv,Teter = 0.151G.98 It has been shown that the Teter model in combination with DFT-calculated

shear moduli give reliable estimates of Hv for a broad range of materials.99

Results and discussion

Intercalating He into [CaZr]F6

Before proceeding to our theoretical investigation of the insertion of helium into A-site vacant

perovskites, we investigated stuffing helium into [CaZr]F6 up to 5 GPa, since this process has
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been observed and studied experimentally in this pressure range.60 The a-lattice parameter for this

perovskite, whose crystal lattice is noticeably porous, was measured to be ca. 8.51 Å at 10 K,

contracting to 8.48 Å at ambient conditions due to the negative thermal expansion that character-

izes [CaZr]F6.100 The PBE functional yielded a slightly too-large lattice parameter of 8.61 Å (at

0 K), whereas the value obtained with the optB88-vdW functional, 8.56 Å, which treats vdW in-

teractions self-consistently, was closer to experiment. It is not surprising that pressure causes this

porous structure to undergo amorphization at a mere 0.5 GPa when neon is used as the pressure

transmitting medium.60

When helium is used as the pressure transmitting medium instead, the amorphization is delayed

until ∼3.5 GPa, aided by an uptake of helium into the pores and accompanied by a phase transition

of Fm3̄m [He]2[CaZr]F6 (Figure 1(a)) to an unknown space group (suggested to be either I4/m or

P4/mnc) above 1.8 GPa and at low temperature.60 We found that the most stable phase at 1 GPa

possessed the monoclinic P21/c spacegroup instead, and subsequent calculations showed that it

was more stable than the proposed I4/m and P4/mnc phases (Figure S1). In the Fm3̄m → P21/c

transformation, the [CaZr]F6 octahedra rotate in a way that resembles what would be expected for

a transition to the P4/mnc spacegroup, with the main difference being an additional tilting along

the c-direction that induces a staggered, rather than a linear orientation of the He atoms within

the channels, as shown in Figure 1(b). The staggering allows P21/c to assume a slightly smaller

volume than the previously proposed tetragonal phases (285.4 Å3 for P21/c, 285.7 Å3 for P4/mnc

and 285.8 Å3 for I4/m). In good agreement with experiment, we predict the Fm3̄m → P21/c

transition to occur just above 1 GPa (Figure 1(c)). Under pressure, the enthalpy, which is a sum

of the energetic and pressure/volume terms, H = E + PV , is the key thermodynamic variable

determining phase stability at low temperatures. The Fm3̄m → P21/c structural distortion is

accompanied by an increase in internal energy that is overshadowed by a decrease in the PV term,

which is the driving force for this phase transition above 1 GPa.

The cavities within [CaZr]F6 are quite large, measuring 27.5 Å3 at zero pressure within our

optB88-vdW calculations. This value is more than double the estimated vdW volume of helium,
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which can easily fit into each pore. Therefore, the ambient pressure lattice parameter of 8.564 Å

does not change much upon helium insertion, increasing by only 0.006 Å. Helium incorporation

has a negligible effect on the size of the pore, whose volume expands to 27.6 Å3 (Figure 1(d)). The

uptake of helium is calculated to be favorable by 11.0 meV/atom within the optB88-vdW func-

tional at zero pressure. Attractive dispersion interactions between the encapsulated helium atom

and the perovskite framework are the likely culprit of the exothermic reaction, which is slightly

endothermic (by 1.4 meV/atom) within the PBE functional (Table S2). Helium incorporation has

a negligible influence on the band gap of the perovskite, which was calculated to be ∼6.9 eV with

the nonlocal optB88-vdW functional (Table S3). The bulk modulus was computed to increase from

58.6 to 61.6 GPa upon helium insertion, which is a somewhat smaller than the expansion that has

been measured experimentally (∼36→47 GPa60,100).
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Figure 1: Illustration of the (a) Fm3̄m [He]2[CaZr]F6 phase (isotypic with Fm3̄m [CaZr]F6), and
the (b) P21/c [He]2[CaZr]F6 phase with the green/blue/pink balls representing F, Ca/Zr, He atoms.
(c) The relative enthalpies (∆H) between Fm3̄m and P21/c symmetry [He]2[CaZr]F6 phases
and the energetic (∆E) and pressure-volume (∆PV ) contributions towards them as a function of
pressure. The red dashed line marks the pressure at which [He]2[CaZr]F6 begins decomposing in
experiments,60 and the red solid line the pressure at which the Fm3̄m was observed to undergo
a phase transition.60 (d) Volume of the pores within the Fm3̄m and P21/c [He]2[CaZr]F6 phases
as a function of pressure. The black horizontal dashed lines represent the volume of helium as
estimated using the Clementi atomic radii and the vdW radii under pressure by Rahm-Cammi (see
Methods for further information).

As pressure increases, the volume of the pores within the P21/c [He]2[CaZr]F6 phase become

significantly smaller than within the Fm3̄m polymorph (Figure 1(d)). At P > 3 GPa, the calcu-

lated volume of each pore within the monoclinic phase abruptly collapses to 10.3 Å3. Notably, in

experiments [He]2[CaZr]F6 begins to amorphize at about this pressure, and this process is com-

pleted by 6 GPa.60 Our calculated enthalpic trends show that P21/c [He]2[CaZr]F6 is preferred

up to at least 5 GPa from the constituent perovskite and noble gas atom. Nonetheless, the abrupt
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shrinking of the cavities signals a severe distortion of the framework, which would likely be the

cause of the incipient amorphization of [He]2[CaZr]F6 at higher pressures.

Stuffing Helium into A-site Vacant Perovskites

Quantifying the Pore Sizes

Let us introduce the MX3 perovskites we considered in this study, focusing on their structures

and the geometric peculiarities of their important vacant A-sites where the helium atom may be

stuffed. AlF3, GaF3 and InF3 belong to the VF3-type materials family crystallizing in the R3̄c

space group.101,102 Experiments revealed this rhombohedral structure remains the ground state up

to 50 GPa for AlF3
103 and 28 GPa for GaF3.102 Comparison of the enthalpy calculated for R3̄c-

AlF3 with the enthalpies of other known stable and metastable polymorphs that can be made at high

temperatures or using molecular templates104,105 revealed that it was the preferred geometry at both

0 and 10 GPa (Table S4). In addition to this series of VF3-type perovskites we also considered ScF3

and ReO3, because these are examples of A-site vacant perovskites that contain transition metals

that do not possess a magnetic moment. At ambient conditions, both compounds adopt the Pm3̄m

space group,106,107 which is isomorphic to the Fm3̄m [CaZr]F6 structure. ScF3 transitions to the

rhombohedral R3̄c space group at 0.7 GPa,108 while ReO3 transforms to the Im3̄ space group at ca.

1.3 GPa, which remains stable up to 13.2 GPa, where it transforms once again to a rhombohedral

phase, stable up to 52 GPa.106,109

Unsurprisingly, the volumes that can be ascribed to the vacant A-sites in these MF3 (M = Al,

Ga, In, Sc) and ReO3 compounds (Figure 2(a)) turn out to be significantly smaller than in the

[CaZr]F6 perovskite at 1 atm, in-line with their persistence when squeezed. In contrast to [CaZr]F6,

their pressure-induced decomposition, or loss of crystallinity, has not been observed. With in-

creasing pressure the volumes of the voids decrease, sometimes quite precipitously, to minimize

the PV contribution to the enthalpy. This behavior coincides with the first rule that characterizes

the response of molecular (in our case porous) crystals to modest pressures of ∼10 GPa that was
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proposed by Grochala and co-workers: “vdW space is most easily compressed”.24 The volumes of

the pores within ScF3 at 0 GPa and ReO3 up to ∼5 GPa are at least as large as the estimated vdW

volume of a single helium atom, suggesting that the PV term to the enthalpy will readily favor

helium incorporation into these phases. For the VF3 family, the pore sizes are markedly smaller

than the vdW radius of helium, hinting that the incorporation of the inert noble gas element may

not be favorable, unless other factors help to stabilize the He-intercalated compound.

Does the identity of the perovskite affect the topology of the pores? Our analysis revealed two

basic cavity shapes – one that is spherical and one that is shaped like a figure eight – as shown

in Figure 2(b) and (c), respectively. At ambient pressure, AlF3, ScF3 and ReO3 present spherical

shapes, meanwhile, GaF3 and InF3 are characterized by cavities with a prominent figure eight

shape. Despite the fact that AlF3, GaF3 and InF3 crystallize in the rhombohedral R3̄c space group,

the shapes of the pores within them are quite different. As expected, the M-F distances increase

in going down the group and are measured to be 1.81, 1.91 and 2.10 Å, respectively, in the 0 GPa

optimized compounds. At the same time as these distances elongate, the M-F-M angles between

the octahedra become more acute measuring 157.8, 139.5 and 134.7◦ within AlF3, GaF3 and InF3,

respectively, implying a larger degree of rotation of the octahedra for Ga and In, yielding the

figure eight cavities. This type of packing is a natural structural relaxation allowed by the vacancy

in the A-site, and favored when the M-F distance is longer, like in the case of GaF3 and InF3.

For example, despite the longer M-F distances in InF3 as compared to AlF3, at zero pressure the

two compounds possess very similar cavity volumes (Figure 2(a)). Nonetheless within AlF3 this

corresponds to a volume that is spherically accessible, meanwhile for InF3, this value technically

refers to the sum of the volumes of the two lobes (Figure 2(c)). Consequently, if the figure eight

cavity is favored already at ambient conditions, the shrinking of the pores will, in principle, further

hinder the intake of helium. However, as will be shown below, the flexible perovskite framework

can find ways to relax to accommodate its noble guest.
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Figure 2: (a) Volume of the pores in MX3 compounds (color code represents chemical composition,
and symbol-shape the space group) under pressure. Illustrations of the pores (pink) accessible to
the helium guest atoms within R3̄c symmetry in (b) AlF3 and (c) InF3. Spherical pores similar to
those shown in (b) are characteristic of AlF3, ScF3 and ReO3, whereas figure eight shaped pores
resembling those shown in (c) are found within GaF3 and InF3 at 0 GPa. Blue/green balls represent
M/X atoms (M = Al, Ga, In, Sc, Re; X = O, F).

Crystalline HeMX3 Structures

To determine what structures might be adopted when helium is incorporated into the five A-site

vacant perovskites considered in this study, evolutionary crystal structure searches, seeded with

the known VF3-type and Pm3̄m symmetry frameworks, which were stuffed with helium atoms,
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were performed at 1 and 10 GPa. The most promising structures found were relaxed within this

pressure range and their relative static enthalpies, and finite temperature additions towards them,

were compared, and will soon be discussed. Figure 3(a) presents a phase diagram approximately

illustrating the pressure ranges where these particular structure types were preferred (based on both

the static lattice enthalpies and the dynamic stability, see also Figure S2-7 and Table S5-6). Since

the phonons of these phases were computed at 1, 5 and 10 GPa, the borders delineating a structure’s

domain of (thermodynamic and dynamic) stability are not drawn abruptly, and are purposefully

fuzzy. Moreover, in cases like HeGaF3 at 1 GPa, HeInF3 at 1 GPa and HeScF3 at 5 GPa, where two

or more phases were found to be nearly isoenthalpic, depending on the functional used to calculate

the enthalpies (Table S6), we reported in Figure 3(a) only the phases that were also found to be

dynamically stable within the optB88-vdW functional. Figures 3(b-e) illustrate the main structure

types that were found, focusing on the pores that house the helium atoms. Similar to what was

observed for [CaZr]F6, the helium-stuffed perovskites often differ in important ways from their

vacant A-site analogues. In fact, with the exception of the HeAlF3 and HeReO3 compounds, all

of the compositions studied here are predicted to undergo a series of phase transitions between

0-10 GPa.

Inserting helium into the most stable ambient pressure AlF3 polymorph does not affect the

symmetry of this perovskite, likely because of the spherical pore shape found within it. In fact, the

resulting R3̄c-HeAlF3 structure (Figure 3(b)) remains the most stable HeAlF3 geometry up to at

least 10 GPa. Helium incorporation increases the too-small pore size so that it is at least as large

as the vdW volume of this noble gas atom within most of the pressure range studied (Figure 3(f)).

The figure eight type pore in R3̄c-GaF3 does not possess a shape within which helium would

easily fit (Figure 2c). Our calculations found two HeGaF3 phases that were dynamically stable

and nearly isoenthalpic (Tables S6), with enthalpies differing from each other by ∼ 1 meV/atom

at 1 GPa. The first of these, with P41 symmetry (Figure 3(c)), differs significantly from its par-

ent perovskite structure, suggesting that large barriers may hinder its formation. Nonetheless, we

discuss the structural peculiarities of this phase, as it still might be synthesized. This tetragonal
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Figure 3: (a) Computed static-lattice 1-D phase diagrams at 0 K as a function of pressure of the
MX3He compounds. Illustrations of the predicted structures: (b) R3̄c (HeAlF3, HeGaF3, HeInF3

and HeScF3), (c) P41 (HeGaF3), (d) Pnma (HeGaF3, HeInF3, HeScF3), and (e) HeInF3 P63/m.
(f) Volume of the pores as a function of pressure calculated for the HeMX3 species (color code
represents composition, and symbol-shape the space group).

structure contains two sets of GaF6 octahedra, one whose apical fluorine atoms point along the b

crystallographic axis and ones that are rotated so that their apical fluorines are oriented along the a

crystallographic axis. These two sets of octahedra are joined by vertex-sharing equatorial fluorine

atoms creating a framework characterized by channels extending along the a and b crystallographic

directions, and connected by a 1-dimensional helical channel along the c direction that is plenty

large enough to be filled with helium atoms whose He-He distances measure 2.31 and 2.70 Å.

Since P41 is a polar space group, the second enantiomorph, characterized by 1-dimensional heli-

cal channels having opposite rotational direction, would be isoenthalpic with the same synthesis

likelihood. At higher pressures the previously discussed R3̄c symmetry structure predicted for

HeAlF3 is the only one that is preferred. At 1 GPa the M-F-M angles within GaF3, which are

related to the rotation of the adjacent octahedra (a−a−a− tilt in Glazer notation110), increase from

138.1◦ to 169.4◦ upon helium insertion, which is similar to the 173.1◦ calculated for HeAlF3 at

the same pressure. Therefore, the incorporation of helium distorts the perovskite framework so
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that the figure eight shaped pores, containing two small cavities, merge into a single larger pore

within which the noble gas atom can fit. Consequently, the pore size within R3̄c-HeGaF3 is larger

than within R3̄c-HeAlF3 (Figure 3(f)) thanks to its longer M-F bonds and because the presence

of helium atoms within the pores hinders the rotations and other distortions of the surrounding

octahedra.

At a pressure close to 10 GPa, HeGaF3 transforms into the orthorhombic Pnma space group

(Figure 3(d)). This configuration, which is also predicted for HeInF3 and HeScF3 under pressure,

is commonly known as the GdFeO3 structure-type,111,112 and it is the result of an a+b−b− tilt-

ing.110 In this geometry, the atoms of helium are displaced with respect to the center of the cavity

that runs along the b-axis, periodically alternating between its two opposing sides (Figure 3(d)).

The transition to this phase is a direct effect of the figure eight shaped cavities discussed above.

Compression of the MX3 framework containing this cavity shape accentuates its asphericity, so it

eventually split into two lobes, thereby forcing the noble gas to move from the center of the cavity.

The unoccupied lobes are then used by the framework to further relax, triggering a concomitant

tilting of the octahedra and reducing the volume of the pores (c.f. the volumes ascribed to the pores

in R3̄c vs. Pnma HeInF3 and P4/mbm vs. Pnma HeScF3 shown in Figure 3(f)), and generating

the alternating pattern of helium atoms visible in Figure 3(d).

The R3̄c and Pnma phases predicted to be the most stable for HeInF3 were isomorphic with

those described above for HeGaF3, except the structural transition was computed to occur at a

slightly lower pressure for the heavier triel. A P41 symmetry analogue, however, was not found in

our evolutionary runs and calculations showed it was thermodynamically and dynamically unsta-

ble at 1 GPa. Incorporation of helium yielding the R3̄c phase results in an increase of the In-F-In

angles from 133.2◦ to 159.3◦ at 1 GPa. In both the empty and stuffed R3̄c InF3 phases the degree

of rotation of the octahedra is more pronounced than in the analogous R3̄c GaF3 structures, likely

because of the larger size of the metal cation and the longer M-F distances. As a result the pore

size in HeInF3 is more than double that found within HeAlF3 up to 1 GPa, easily accommodating

helium. The pores collapse as a consequence of the transition to the Pnma phase (Figure 3(f)).
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By 10 GPa, P63/m HeInF3 (Figure 3(e)) emerges as the most stable geometry. This phase is char-

acterized by a 1-dimensional channel running along the c crystallographic direction. Moreover, it

contains 9-coordinated indium atoms at the center of a tricapped triangular prism of fluorine atoms,

which resembles the ReH2−
9 anion. The transformation to this P63/m geometry, not observed in

HeGaF3 under pressure, is facilitated in HeInF3 by the larger radius of indium and its ability to

form hypercoordinated bonds at lower pressures. This structural transition results in a substantial

change of the topology and the local coordination environments within the structure. Nonetheless,

the channels in this novel phase are just the right size to accommodate the vdW volume of helium

at 10 GPa, suggesting that the noble gas could even be used as a templating agent to synthesize

new MF3 polymorphs – a route that has been previously proposed as a technique to create new

polymorphs of nitrogen.38,113

The most stable HeScF3 structure at 1 GPa assumes a tetragonal P4/mbm geometry. This

phase is not illustrated in Figure 3 because it resembles the Fm3̄m [He]2[CaZr]F6 structure (which

can be derived by doubling the unit cell of Pm3̄m ScF3 that is preferred at 0 GPa and stuffing the

voids with helium), except for the Sc-F-Sc angles in the ab plane, which distort from a perfect 180◦

to 179◦, corresponding to a slight a0a0c+ tilting. At 0 GPa, the pore size in Pm3̄m ScF3 (Figure

2(a)) is plenty big to accommodate the He atom, so no structural distortion is required. However,

by 1 GPa the angles start to deviate from the ideal 180◦. At higher pressures this compound

undergoes the same transformations observed in many of the previously discussed MF3 systems:

into R3̄c at ∼5 GPa, followed by a second transition to Pnma, which are each accompanied by a

successive shrinking of the pore size until it is about the same as the vdW radius of helium.

Finally, our calculations showed that the inclusion of helium within HeReO3 acts as a stabilizer

for the cubic Pm3̄m structure, evading the phase transition to the Im3̄ space group observed for

ReO3 at ca. 1.3 GPa. The pore size of ReO3 shrinks from ∼11 Å3 to just over 4 Å3 in the Im3̄

phase by 10 GPa (Figure 2(a)). The Pm3̄m HeReO3 phase, on the other hand, maintains quite a

constant pore volume of about 11 Å3, which is above the isolated vdW volume of He throughout

the whole pressure range studied.
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Thermodynamics of Helium Absorption

All of the predicted HeMX3 compounds are dynamically stable at select pressures within the range

illustrated in Figure 3(a) (phonon band structures and projected densities of states, as well as

electronic projected densities of states are provided in Figures S3-S8). The P41 phase of HeGaF3,

isoenthalpic with the R3̄c phase (Table S6), was dynamically stable only at 1 GPa. Generally

speaking, the change in the static-lattice enthalpy associated with helium incorporation (∆H =

H(HeMX3)−H(MX3)−H(He)) was calculated to be positive for most of the systems considered

(Figure 4(a) and Figure S2). Exceptions to this trend included the formation of P63/m HeInF3

above ∼8 GPa, P4/mbm HeScF3 below ∼3 GPa, and HeReO3 above 1 GPa. A data mining

study of the DFT-computed 0 K energies of structures found in the Inorganic Crystal Structure

Database concluded that ∼70 meV/atom corresponds to the 90th percentile of the DFT-calculated

metastability.114 According to this criterion, all of the dynamically stable phases reported here

could potentially be made, provided an appropriate synthesis route can be found. To be noted,

the other known phases of AlF3 at ambient conditions, were calculated by us to be at most 24.5

meV/atom above the enthalpy of formation of the α-phase (Table S4).

Let us now consider how different terms contribute to the thermodynamics associated with

helium incorporation. Figure 4(a) illustrates that ∆H for the formation of HeAlF3 decreases as

pressure is increased, reaching a minimum value of ∼8 meV/atom at 5 GPa, remaining nearly con-

stant at higher pressures. Below 8 GPa the PV term favors helium incorporation, as the volume

of the pores approaches the atomic volume of helium (Figure 2(a)). These results are in-line with

those of Guńka et al. who showed that the PV term is the main driving force for compound for-

mation upon helium incorporation within As4O6.56 At low pressures, the reference AlF3 structure

is still porous, therefore, the ∆PV term for the formation of HeAlF3 is stabilizing upon initial

compression. However, at higher pressure (∼5 GPa) AlF3 assumes a dense 8/3/c2 sphere packing

arrangement.115,116 At the same time, the compressibility of HeAlF3 is reduced, which is unable

to deform as much as AlF3 already at low pressure. Therefore, ∆PV follows two distinct trends,
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one stabilizing at low pressures and one destabilizing high pressures. Moreover , the energetic

term, ∆E, which is initially destabilizing, decreases under pressure so that by 10 GPa it favors the

incorporation of the noble gas. This stabilization is likely a result of the presence of helium in the

cavities, which dampens the Coulomb repulsion between the fluoride ions that are in close contact

with each other as will be further explained in subsequent sections.

Since helium is a light element, the zero-point energy (ZPE) arising from its vibrations might

provide a non-negligible correction to the enthalpic change associated with its reaction. Previ-

ous computational studies have come to different conclusions on the importance of the ZPE: in

reactions with ammonia34 and with alkali oxides and sulfides44 the ZPE was generally found to

be a destabilizing term; conversely, the ZPE stabilized water-helium compounds.32 The effect of

the ZPE on the enthalpy of formation of various helium containing materials might be dependent

upon factors including the magnitude of the applied pressure, the atom-types and bonding that

is involved in the reaction, and perhaps the level of theory used in the calculations. For HeAlF3

formation, the ZPE is destabilizing at 1 GPa (increasing the ∆H from 24.0 to 28.3 meV/atom),

nearly negligible at 5 GPa, and very slightly stabilizing at 10 GPa (decreasing ∆H from 8.4 to

7.0 meV/atom).

Because high-pressure syntheses are typically aided by heating, sometimes to thousands-of-

degrees Kelvin, we also calculated the change in the Gibbs free energy, ∆G, associated with

the formation of HeAlF3, assuming the harmonic approximation (Figure 4(b)). At low pressure

(1 GPa) the entropic T∆S contribution destabilizes HeAlF3, in particular at high temperatures

suggesting it is unlikely that this compound could form. However, with increasing pressure this

trend is reversed. At 5 GPa the T∆S term is near zero and does not have an effect on the ther-

modynamics associated with helium incorporation. Notably, by 10 GPa the entropic contribution

favors the formation of the ternary, suggesting that HeAlF3 could be synthesized at this pressure

above 670 K (provided it can enter the perovskite pores).

Why is the trend in the Gibbs free energy profile inverted with increasing pressure, such that
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Figure 4: Thermodynamic terms associated with the reaction: AlF3 + He → HeAlF3. (a) The
change in the enthalpy, ∆H , as well as the pressure-volume, ∆PV , and energetic, ∆E, terms that
comprise it as a function of pressure. The zero-point energy (ZPE) contribution to the static-lattice
enthalpy is provided at select pressures. (b) The change in the Gibbs free energy, ∆G = ∆H −
T∆S, at select pressures as a function of temperature. We remind the reader that kBT ∼ 25.7 meV
at 298 K.

entropy favors the exsolution of helium from the ternary at 1 GPa, but its incorporation within

the perovskite pores at 10 GPa? To understand this phenomenon, we must consider the large

compressibility of pure helium. According to our DFT calculations, a single atom of helium in

the hcp phase occupies 11.9 Å3 at 1 GPa, 8.4 Å3 by 5 GPa, and 7.0 Å3 by 10 GPa. Comparison

of these atomic volumes with the volumes of the pores within the filled A-site perovskites (Figure

3(f)) shows that under pressure the enclathrated helium atoms have more room to move than within

hcp helium. This decreased confinement of the helium atoms contained in the pores as compared

to those in the elemental solid leads to a higher entropy. Indeed, comparison of the entropies of

HeAlF3, AlF3 and He at 1 GPa with those at 10 GPa show that they all decrease with increasing

pressure – but the rate at which they do so is not the same, being nearly a factor of two greater
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for elemental helium. We note that at these pressures, and room temperature and beyond helium

is likely to be found as a liquid within the pressure cell. As a consequence our computations

somewhat overestimate the entropy stabilization of the helium-stuffed perovskite. However, our

exploratory molecular dynamics simulations on a 2 × 2 × 2 supercell of helium in the NPT

ensemble at 10 GPa and 1000 K resulted in a volume of ∼7.1 Å3, which is only slightly larger

than that computed for the hcp phase at 0 K, suggesting that finite temperature will not change the

overall trend discussed above.

Plots illustrating the variation of the enthalpy and Gibbs free energy associated with helium in-

corporation for the other vacant A-site perovskites studied are provided in Figure S2. For HeGaF3,

∆H was always positive, hovering at ∼35 meV/atom for the most stable species predicted up to

10 GPa. The inclusion of helium within InF3 became enthalpically favored by ∼8 GPa within

the P63/m phase, whereas for HeScF3 it was preferred below ∼4 GPa. The uptake of helium

within ReO3 was favored above 1 GPa, with the magnitude of ∆H increasing with pressure to

∼-63 meV/atom by 10 GPa. The ZPE correction to the static lattice enthalpies did not have a con-

siderable impact on the computed ∆H values (∼1 meV, on average), sometimes increasing (e.g.

+1.2 meV/atom for Pnma HeScF3 at 10 GPa) and sometimes decreasing (e.g. -0.5 meV/atom for

P4/mbm HeScF3 at 10 GPa) them. The way in which the entropic contribution affected the Gibbs

free energy varied greatly, and was dependent on the pressure and the geometry of the helium-

intercalated perovskite, and also on the phase transitions of the host framework. To be noted, the

systems crystallizing in cubic space groups, i.e., [CaZr]F6,60 ScF3
107 and ReO3

117 display some

degree of negative thermal expansion, which could affect the absorption of helium. However, the

contraction is no more than 1-1.5% of the total volume, and helium can be inserted into [CaZr]F6

at 300 K without completely suppressing its hosts negative thermal expansion.60

Putting this all together, we found that the formation of the following phases was exergonic at

the pressure and temperature conditions given in the braces: R3̄c HeAlF3 (10 GPa, above 670 K),

R3̄c HeGaF3 (5 GPa, above 2300 K), P63/m HeInF3 (above 8 GPa, below 215 K), P4/mbm

HeScF3 (1 GPa at all temperatures considered), R3̄c HeScF3 (below 4 GPa, then at 5 GPa above
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200 K) and Pm3̄m HeReO3 (above 1 GPa at most, if not all, temperatures). We hope these

conditions are a useful guide for experimental groups interested in synthesizing these, or other

helium bearing porous phases.

Mechanical and Structural Properties

It is easy to imagine why the A-site vacant perovskites, due to their porous structure, are often

characterized by relatively small bulk moduli.102 It is also not a surprise that inclusion of helium

in the vacant A-sites affects their mechanical properties, as has been observed for [CaZr]F6 whose

bulk modulus increased by ∼11 GPa upon helium intercalation.59,60 Similarly, helium incorpora-

tion within silica glass resulted in a reduction of its compressibility so that B increased from 14

to 56 GPa.51–53 Within arsenolite, As4O6, a reduction of B from 7 to 4 GPa was observed upon

helium insertion,54,55 however the results were questioned due to the lack of low-pressure experi-

mental data.55 To study the way in which the mechanical properties of the A-site vacant perovskites

considered herein change as they are stuffed with helium, we calculated their bulk moduli, shear

moduli, and estimated their Vickers hardness using the Teter model at zero pressure. The results

are provided in Table 1.

Comparison of our calculated bulk moduli for [CaZr]F6 and [He]2[CaZr]F6 with experiments

suggests that the computational protocol we employed underestimates their absolute values by 15-

20 GPa, but is able to capture the increase in B that occurs when the helium atoms fill the pores.

Benchmarks using this same methodology showed that for a broad range of materials – with B as

high as 434 GPa (for diamond) – errors of 15 GPa were typical.97 Deviations of a few GPa in the

measured values are not unusual between different experiments, but in some cases, differences of

several tens or even 100 GPa were observed.97

The bulk moduli of HeMX3 structures characterized by large cavities (larger than the vdW

volume of helium), such as those containing indium, scandium and calcium-zirconium (Figure

3(f)), are predicted to be only slightly higher than their helium-free predecessors. However, per-
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Table 1: Calculated bulk moduli (B), shear moduli (G) and Vickers hardness calculated with the
Teter model (Hv,Teter) of MX3 and HeMX3 phases optimized at 0 GPa. Experimental values are
given in parentheses.

Species Space Group B [GPa] G [GPa] Hv,Teter [GPa]
CaZrF6 Fm3̄m 58.6 (∼36100) 24.4 3.7

[He]2[CaZr]F6 Fm3̄m 61.6 (∼4760) 25.1 3.8
AlF3 R3̄c 46.5 (39(8)103) 66.8 10.1

HeAlF3 R3̄c 131.1 82.7 12.5
GaF3 R3̄c 56.3 (37(3)102) 49.2 7.4

HeGaF3 R3̄c 109.0 60.4 9.1
InF3 R3̄c 37.0 24.1 3.7

HeInF3 R3̄c 38.4 29.2 4.4
ScF3 Pm3̄m 95.8 (76(3)118) 41.3 6.2

HeScF3 P4/mbm 96.1 43.6 6.5
ReO3 Pm3̄m 237.9 (100(18)109,119) 125.1 19.0

HeReO3 Pm3̄m 237.8 131.8 19.9

ovskites that possessed smaller cavities, like GaF3 and AlF3, experienced a remarkable increase

in their compressibility, with a large jump in B as helium filled their pores. For example, our

calculations suggest that the bulk modulus of AlF3 would increase from a value characteristic of

tin (∼50 GPa120) to a value characteristic of stainless-steel (∼160 GPa121) upon helium insertion.

The (nearly equivalent) bulk moduli of ReO3 and HeReO3 are quite high because the cubic Pm3̄m

space group is naturally stiff, and they are also likely enhanced by the covalent character of the

Re-O chemical bond.122,123 However, the bulk modulus of Pm3̄m ReO3 was measured to be only

100(18) GPa,109,119 using a Birch-type equation of states, but assuming the pressure derivative

B
′
0 to be zero, which may cause the large difference with the computed value. Moreover, the bulk

modulus of ReO3 is measured to drop to 43(1) GPa upon phase transition to Im3̄.106 Therefore, the

presence of helium would prevent this phase transition, making HeReO3 quite an incompressible

material. Generally speaking the shear moduli of these vacant A-site perovskites also increased

upon helium insertion, but the increase was significantly smaller than for the bulk moduli, and all

of the materials studied were quite soft.

It is useful to consider the sphere-packing type of these perovskites, which can be characterized
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using three parameters, k/m/fn. These refer to the number of contacts per sphere, the mesh size

(which is related to the number of edges or vertices in a shortest closed path of the sphere packing

graph), and a symbol representing the crystal family and class, respectively.115,116 Typically, A-

site vacant perovskites assume a rigid sphere packing of the 8/3/c2 type124 when compressed.102

This structural distortion is common for VF3-type materials, and directly dependent on the nature

of the cation. Evidence of the dense 8/3/c2 sphere packing can be obtained by monitoring the

decrease of the c/a ratio of the cell parameters as a consequence of the rotation of the octahedra

upon compression, as illustrated for AlF3 by the red circles in Figure 5. However, when helium

enters the A-site vacancies, the dense 8/3/c2 sphere packing can be hampered, or even blocked,

so that the c/a ratio remains constant with increasing pressure (Figure 5 – blue circles). As a

result the compressibility along the a and c axis becomes isotropic once helium is absorbed, a

crystallographic feature that could be used as a diagnostic to characterize the insertion of helium in

VF3-type perovskites with X-ray diffraction. However, it is likely that some care should be taken

on the rate and amount of compression, because the dense 8/3/c2 sphere packing may seal the

pores before helium has time to diffuse in the perovskite.

Figure 5: Response of the c/a ratio of AlF3 (red) and HeAlF3 (blue) upon compression. The
structural evolution of AlF3 from 0 to 10 GPa is shown, illustrating how the structure changes
from an open porous framework to a structure with a dense 8/3/c2 sphere packing.
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Electronic Structure and Bonding

Helium insertion also influences the electronic structure of a material, behaving as a hard-sphere

and localizing the electron density associated with the atoms comprising the host framework. Com-

putations have shown that the intake of helium increases the band gap of the alkali oxides,44 arseno-

lite,55 high pressure sodium,36,41 and of mixtures of helium with water, ammonia or methane.36,45

The band gaps we calculate, which are likely to be somewhat too small as they were obtained with

the nonlocal optB88-vdW functional, generally increase upon helium incorporation, especially

under pressure (Table S3). There are two exceptions to this trend. The first is HeGaF3, whose

calculated band gap is slightly smaller at 1 GPa as compared to that of GaF3. The Ga-F-Ga angles,

associated with the degree of rotation of the octahedra, increase from 138.1◦ in GaF3 to 169.4◦

in HeGaF3, and this is likely the reason behind this trend.125 HeReO3 and ReO3 are both metal-

lic throughout the whole pressure range considered in this study, in agreement with experiments

confirming the conductivity of ReO3.126

The high ionization energy and low electron affinity of helium make it the least reactive of all

of the elements that are known.3,4 With the exception of exotic gas-phase cations like HHe+,11–13

which is very strongly bound as it is isoelectronic to H2,29 no systems are known where helium

forms a genuine chemical bond with another atom. Though many compounds have been predicted

via computations39,42,44,45 – most of them studied due to their potential relevance towards high-

pressure materials and planetary science33,36,43 – they do not show any evidence of covalent or

ionic bond formation with the unreactive helium atoms. Besides the stabilization afforded by

vdW interactions, in some ionic compounds under high pressure helium incorporation could be

explained via its role as a damper of the Coulomb repulsion terms between ions of the same type.42

As noted above, dispersion is certainly an important interaction between helium and the A-

site vacant perovskites. But, could there be more? To answer this question, we first computed

the atomic charges of HeAlF3 using different techniques to divide up the electron density into

contributions from the constituent atoms, and also using codes that employed both plane-wave and
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atom-centered basis sets (Table S7). Though the various methods disagreed on the magnitude and

even the sign of the charge on the helium atom, they all agreed on one thing: the amount is small.

For example, the Bader charges are, among all presented charges, the closest to the ideal formal

charges of the atoms, despite underestimating them to +2.56 on Al, -0.85 on F and -0.02 on He.

These values remain constant in the range of pressures studied in this work (Table S8). In α-AlF3,

the charge of Al does not change, while F is only 0.005 more negative than in HeAlF3. Thus,

the helium atoms within HeAlF3 can effectively be viewed as being neutral, so that they cannot

participate in ionic bonding with the atoms comprising the perovskite framework.

To search for potential signs of covalent bonding, we computed the atom projected density of

states (pDOS) of HeAlF3 at 1 GPa and compared it with the pDOS of two fictitious compounds

that possessed the same geometry, but where either the helium atoms were removed, [He]AlF3, or

where the perovskite framework was deleted, He[AlF3]. In addition, the pDOS of the 1 GPa α-

AlF3 and hcp-He phases were obtained, and the results are plotted in Figure 6. The pDOS of both

the Al and the F atoms in α-AlF3 and [He]AlF3 are nearly the same, highlighting the structural

similarity of the two lattices. Comparison of the pDOS associated with the framework atoms in

HeAlF3 and [He]AlF3 shows that helium incorporation slightly shifts and broadens them, likely

a result of the hard-sphere interactions that exert a chemical pressure on the Al and F atoms and

opens up the band gap (Table S3). The DOS of helium reveals somewhat larger perturbations. The

nearly isolated helium atoms within He[AlF3] (separated by a distance of 3.63 Å) are characterized

by a δ-function-like DOS around -8 eV, which is typical of a 0-dimensional system. As the atoms

are pushed closer together to form the hcp-solid (He-He distances of 2.56 Å), bands form and the

DOS is broadened. Finally, the He PDOS within HeAlF3 is also nearly δ-function-like around

-11 eV, except for a small contribution near -6 eV, which could also be explained by an overlap of

the F and He atom-centered projection spheres. The projected DOS of all the HeMX3 systems are

reported in Figure S8

Furthermore, we calculated the COOP and COHP, which can diagnose if a certain interaction

is bonding or anti-bonding,85 determine the strength of that interaction,86 and uncover the orbitals
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Figure 6: The atom projected densities of states (pDOS) of the (a) aluminium, (b) fluorine and (c)
helium atoms in HeAlF3, [He]AlF3, α-AlF3, He[AlF3] and hcp-He at 1 GPa. The zero of energy is
set at the Fermi level (halfway between the top of the valence and bottom of the conduction bands).

that are its main constituents.87,88 Particularly useful is the negative of the integral of the COHP

to the Fermi level (-ICOHP), which can be employed to quantify the covalent bond strength be-

tween two atoms. These chemical bonding descriptors were zero for both F-He and O-He atom

pairs in all of the systems we considered at 1 GPa and 10 GPa. However, plots of the COOP and

-COHP calculated for HeAlF3 at 1 GPa (Figure S9(a) and Table S9) hinted of a potential Al 3p

and He 1s interaction. The -ICOHP obtained for this pair of atoms, separated by a distance of

3.144 Å, suggested an interaction strength of ∼0.1 eV/bond (Figure S9(b)). This value is similar

to results obtained for unconventional C-H· · ·O hydrogen bonds that are weak and noncovalent in

nature.127 At 1 GPa the -ICOHPs between helium and the metal atoms in the remaining HeMX3
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compounds were negligible (Table S9). At 10 GPa, however, the He-Ga -ICOHPs increased above

0.08 eV/bond as the distance between the atoms decreased (Figure S9(c) and Table S9). These

values resemble previous results obtained for He-H, He-N and He-O atom pairs at 400-500 GPa,

which were attributed to an erroneous projection, expected with this technique for the short inter-

atomic distances that occur at high pressures.45 Given the small radii of the metal cations, the large

distances between helium and the metal atom, and the inertness of this noble gas, we conclude

that the small He-Al and He-Ga -ICOHPs calculated at 10 GPa are not indicative of a covalent

interaction between these atoms, though other weak forces cannot be ruled out.

A suitable option for the analysis of chemical bonding is the energy decomposition analysis

(EDA)95,96 that, as the name says, decomposes the total interaction energy, ∆EInt, between two

fragments that comprise a system into chemically meaningful terms (Table S10). For the formation

of HeAlF3 from He[AlF3] and [He]AlF3 at 1 GPa the Pauli repulsion (∆EPauli = 106.4 meV/atom),

classical electrostatic interaction between the interpenetrating charge densities of the fragments

(∆Eelec = -26.0 meV/atom), orbital interaction (∆Eoi = EHeAlF3 − E[Ψ0] = -12.1 meV/atom,

where Ψ0 is the antisymmetrized and normalized product wave-function of the isolated helium

atoms and perovskite framework in their final geometries), and the dispersion energy (∆Edisp = -

18.4 meV/atom) comprise ∆EInt. The resulting interaction energy (∆EInt = 49.8 meV/atom) is

purely electronic, and therefore it does not take into account the ∆PV term, which is stabilizing

at this pressure. These values illustrate that the Pauli repulsion term is dominant, as expected,

showing high and positive values, and the dispersion and orbital interaction provide roughly the

same amount of stabilization. However, the electrostatic term is the most stabilizing. Since the

calculated atomic charges show us that the helium atom does not gain or lose charge in this process,

the electrostatic stabilization must have another origin. The model of Liu and co-workers suggests

that helium is able to screen the electrostatic repulsion between ions of the same charge.42 The

values for the terms that comprise the EDA are provided at 5 and 10 GPa in Table S10. They show

that ∆Eelec becomes more negative faster than the other stabilizing energy terms upon compression,

in agreement with what would be expected from the He-screening model.42
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Conclusions

The recent pressure-induced insertion of helium into the vacant A-site perovskite [CaZr]F6 has at-

tracted much interest and tantalized with the prospect that other members of this perovskite family

could encapsulate this noble gas as well.59,60 Because these experimental studies were unable to

fully characterize the crystal structure of the [He]2[CaZr]F6 phase above ∼1 GPa, we employed

evolutionary searches coupled with density functional theory (DFT) calculations to predict the

most stable geometry at this pressure. The Fm3̄m → P21/c structural phase transition that occurs

when [He]2[CaZr]F6 is squeezed was found to be driven by a decrease in the pressure-volume term

to the enthalpy. Dispersion interactions were key for stabilizing the helium-stuffed perovskite. A

comparison of the sizes of the pores in the A-site vacant perovskite with the radius of helium

showed that they are sufficiently large to accommodate the noble gas atoms. However, above

3 GPa the pores within [He]2[CaZr]F6 collapsed, coinciding with the amorphization of this phase

that was observed in experiments. Though our DFT calculations overestimated the bulk moduli

of the vacant and He-stuffed perovskite, they were able to capture how the bulk moduli increases

upon helium insertion.

Systematic DFT calculations investigating the potential for helium incorporation into other A-

site vacant perovskites, AlF3, GaF3, InF3, ScF3 and ReO3 were performed. A topological analysis

of the pores found within them revealed that some were spherical, whereas others were figure eight

shaped, and their volume was compared with that of the helium atom at the same pressure. Evo-

lutionary structure searches predicted the most stable helium-filled phases up to 10 GPa. Though

all of the discovered structures were dynamically stable, only HeInF3, HeScF3 and HeReO3 were

predicted to be thermodynamically stable within specific pressure ranges based on the static-lattice

enthalpy alone. Entropic contributions to the Gibbs free energy were found to favor the incorpora-

tion of helium into the perovskite at select pressures and temperatures. This effect was explained by

noting that the volume helium occupies within the perovskite pores could be larger than within the

condensed phase due to its high compressibility. Thus, our DFT calculations showed that pressure
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and temperature conditions could be found that favored helium insertion into these A-site vacant

perovskites. Helium incorporation into compounds with small pores, such as AlF3 and GaF3, in-

creased their bulk moduli dramatically, and it hampered a structural distortion commonly observed

in VF3 type materials that is associated with rotation of their octahedra under compression.

We hope our DFT results may guide the development of new synthesis pathways for the in-

sertion of helium into A-site vacant perovskite materials, and will help elucidate their resulting

mechanical and structural properties. Perovskite phases are also a major constituents of the Earth’s

mantle and the mantles of other rocky planets128 and the results presented here suggest that helium

may occupy vacancies or defects found within them.129,130 Thus, the quantity of helium that is

stored within planetary interiors may be larger than previously believed.131,132
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(54) Guńka, P. A.; Dziubek, K. F.; Gładysiak, A.; Dranka, M.; Piechota, J.; Hanfland, M.; Ka-

trusiak, A.; Zachara, J. Compressed Arsenolite As4O6 and Its Helium Clathrate As4O6·2He.

Cryst. Growth Des. 2015, 15, 3740–3745.

(55) Sans, J. A.; Manjón, F. J.; Popescu, C.; Cuenca-Gotor, V. P.; Gomis, O.; Muñoz, A.;

Rodríguez-Hernández, P.; Contreras-García, J.; Pellicer-Porres, J.; Pereira, A. L.;

Santamaría-Pérez, D.; Segura, A. Ordered Helium Trapping and Bonding in Compressed

Arsenolite: Synthesis of As4O6·2He. Phys. Rev. B 2016, 93, 054102.
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