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Abstract

By combining pressures up to 50 GPa and temperatures of 1200 K we synthesise the

novel barium hydride, Ba8H46, stable down to 27 GPa. We use Raman spectroscopy,

x-ray diffraction and first principles calculations, to determine that this compound

adopts a highly symmetric Pm3̄n structure with an unusual 53
4 :1 hydrogen-to-barium

ratio. This singular stoichiometry provides the solution to well define Type–I clathrate

geometry. This clathrate consists of a Weaire-Phelan hydrogen structure with the bar-

ium atoms forming a topologically close-packed phase. In particular, the structure

is formed by H20 and H24 clathrate cages showing substantially weakened H–H in-

teractions. Density functional theory (DFT) demonstrates that cubic Pm3̄n Ba8H46

requires dynamical effects to stabilize the H20 and H24 clathrate cages.
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Strongly electropositive elements can readily donate electrons (E → E+ + e−) into an-

tibonding orbitals of molecular hydrogen (H2), weakening the H-H covalent bond. In this

regard, it has been proposed that the combination of electropositive elements and high pres-

sure should help to promote the dissociation of molecular H2 at lower pressures than in

pure H2, referred often as chemical pre-compression.1–10 Despite being proposed in 2004,1

it is only in recent years that an abundance of new hydrogen-bearing systems have been

uncovered and observed to exhibit superconductivity with high critical temperatures, albeit

at ultrahigh pressures.11–14

The alkaline and alkaline earth elements are exemplary electropositive elements, and

can readily donate electrons to occupy the sigma antiboding (σ∗) of molecular hydrogen.

Early structural searches in the calcium hydrogen system (Ca-H) predicted the formation

of the hexhahydride CaH6 (I43̄m) based on a body centered cubic (bcc) Ca lattice. Within

this system the Ca atoms are enclathrated by hydrogen cages interlinked forming H4 units

as building blocks of a three dimensional sodalite framework. The hydrogen cages would

present H-H distances significantly longer than those of molecular hydrogen at similar pres-

sures.3 Unfortunately, to date only CaH4 (I4/mmm) has been proved to exist and this is not

characterised by hydrogen clusters.10,15 Subsequent theoretical works predicted similar struc-

tural motifs consisting of a high-symmetry metal atom sub-lattice surrounded by hydrogen

cages, in the rare-earth metal hydrides YH6 (stable above 300 GPa) and LaH10 (stable above

200 GPa).16,17 From the theoretical predictions for hydrogen-bearing structures, it appears

that large hydrogen clathrate cages are important motifs for promoting superconducting

properties.18–20

Clathrate cages appear in many diverse materials, and have been observed in ices21–23

and silicon based structures.24–26 In particular, hydrogen clathrates have become relevant

very recently with the synthesis of LaH10 with H32 cages,27 and efficient packing of their

atomic spheres.28 LaH10 is claimed to possess a superconducting critical temperature (Tc)

between 250-260 K at around 200 GPa.12,13,27 However, despite laying claim to the long-
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awaited discovery of high-temperature superconductivity, this study along with other recent

discoveries of other hydrogen-bearing systems with high Tc
14 suffer from another thermo-

dynamic parameter - pressure. These new hydrogen-bearing materials require pressures in

excess of 150 GPa for synthesis, arguably a bigger challenge to make them technologically

relevant. Therefore, to achieve the ultimate goal of applicable room pressures and temper-

atures, one needs first to find a pathway to non-molecular hydrides at conditions closer to

the ambient.

Electropositive elements in excess of hydrogen at high pressure have been predicted to

form highly symmetric hydrogen clathrates.1–8,10,15,29 Some alkaline and alkaline earth el-

ements, have been shown to form standard Type–I clathrates structures with silicon (Si)

with low temperature superconducting properties.25,26 However these clathrates have not

yet been seen in its hydrogen analogue, neither experimentally nor theoretically and so the

effect of hydrogen substitution is yet to be explored.5,7,30 The pressures at which the alkaline

earth polyhydrides stabilize correlate with their ionization potentials.8,29 Thus, electroposi-

tive elements are ideal to search for clathrate based structures. Beryllium (Be) and H2 form

Be4H8(H2)2 crystallizing in a P63/mmc structure which consists of corner-sharing BeH4

tetrahedra and H2 molecules occupying an interstitial site.31 Magnesium (Mg), more elec-

tronegative than Ca, was predicted to form MgH6 with the same sodalite-type structure as

CaH6 at higher pressures of 300 GPa.32 The heavier alkaline earth hydrides with strontium

(Sr) and barium (Ba), SrH6 and BaH6 were predicted to become stable at substantially lower

pressures of 150 GPa and 50 GPa, respectively.5,6 However, neither compound is a potential

high temperature superconductor, and the most favoured structures for both did not resem-

ble any clathrate-like structure.5,6 In fact, in recent experimental studies guided by ab initio

calculations, BaH12 was claimed to be synthesised at pressures of 90 GPa.30 However, rather

than atomic hydrogen cages, the structure is characterized by H2, H−
3 molecular units and

H12 chains and exhibit a Tc in the range of 8-20 K.5,30

In this work, we explore the formation of highly symmetric hydrogen cages using barium
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atoms as the host, using a combination of x-ray diffraction (XRD), Raman spectroscopy,

density functional theory (DFT) and ab initio molecular dynamics. Heating Ba or BaH2 in a

hydrogen to temperatures of 1200 K at 50 GPa, leads to the formation of a novel compound.

X-ray diffraction patterns indicate the product adopts a highly symmetric Pm3̄n structure,

which was stable on decompression to 27 GPa. Our combined experimental-theoretical ap-

proach shows its structure to be a Type–I hydrogen clathrate agreeing with a Ba8H46 compo-

sition. Theoretical calculations reveal that the Ba8H46 hydrogen cage structure represents a

Weaire-Phelan clathrate allowing the strange allocation of 53
4

hydrogen atoms per barium.33

This unexplored configuration is a structure type formed by hydrogen polyhedral cages of

fourteen and twelve faces, hosting a Ba atom in the center. DFT calculations confirm the

presence of Ba8H46 on the convex hull of stability. The symmetric Pm3̄n Ba8H46 structure

is calculated to be metallic, however it is dynamically unstable. Ab initio molecular dynam-

ics simulations demonstrate mechanical stability of the structure at room temperature and

beyond. Strikingly, the structure of this polyhydride contains motifs such as clathrate cages

of atomic hydrogen surrounding an underlying lattice of barium atoms with H–H distances

varying between 0.86 and 1.4 Å. Such motifs in other hydrides were previously only observed

at much higher pressures.

As the starting materials we have used either pure Ba (99 % ) or BaH2 (99.5 %) loaded

together with research grade H2 at 0.2 GPa.34 Independent of the staring material we observe

BaH2 and H2 after loading at below 1 GPa as seen by Raman spectroscopy and/or x-ray

diffraction (see Figs. 1 and 2). Thorough searches to preclude contamination were done

by Raman spectroscopy, Fig S1-S3. On compression we observe the known I-II (cotunnite-

Ni2In) phase sequence of BaH2 up to 35 GPa (Fig. 2(a)).35–37 When pressure is increased

further, we observe appearance of a novel phase, referred here as BaHx (its properties will

be described in a separate publication).38 Even though the changes in Raman spectra are

quite significant (Fig. 1), the x-ray pattern remains the same (Fig. 2). Interestingly, the

Raman vibron at around 3400 cm−1 is considerably downshifted to that reported in for the
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H2 units in the CaH4,
10,15 or Be8H8(H2)2

31 and NaH7.
7 Combining this observation with

almost complete disappearance of pure H2 vibron, BaHx could be product of H2 dissolved in

BaH2.
38
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Figure 1: Raman spectra on compression of BaH2 and H2. Green spectra are of a product
formed just by compression of BaH2 in H2 at room temperature, assigned as BaHx as the x-
ray diffraction does not allow its assignment.38 Red spectrum corresponds to Ba8H46 formed
after laser heating at around 1200 K. The H2 rotons are marked with grey +, while BaH2

excitations35 with ∗. The spectral region between 1300 and 3250 cm−1 with the first and
second order Raman of diamond are cut for clarity, the whole spectra can be seen in Fig, S3.

The BaH2 in H2 phase was laser heated using a YAG laser (λ = 1064 nm) reaching

temperatures of 1200 K, leading to dramatic changes in the observed Raman and diffraction

patterns (Figs. 1 and 2). All observed peaks could be uniquely indexed to a mixture of

BaH2 and a second phase with a primitive cubic unit cell a = 6.8476(4) Å, systematic

absence analysis suggested space group Pm3̄n. The thermal energy provided by heating not

only drives the synthesis of a new phase but leads to the completion of the known sluggish

transition from BaH2-II to BaH2-III. Just like in case of BaHx the amount of free hydrogen

in the sample chamber appears to be reduced (Fig. 1) but more interestingly the novel phase

does not have any detectable Raman activity, which seems to be a common feature amongst
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the metallic hydrides described to the date12,13 including BaH12.
30 The were 10 repeated

experimental runs, using Ba and BaH2 with H2 as precursors, and the same structural

changes were detected. The samples after laser heating were thoroughly mapped by Raman

and XRD and no sign of presence of any other structure or hydrides seen in other works at

higher pressures could be detected.30

Structure solution of the unknown phase by direct methods39 reveals two Ba sites (2a(0, 0, 0)

and 6d(1/4, 0, 1/2)). Two-phase Rietveld refinement of the quenched diffraction patterns us-

ing only the Ba positions only shows excellent agreement with the data and confirming the

underlying Ba substructure (Fig. 2(b)). The structure of this phase differs significantly

from all postulated phases for barium polyhydrides including: BaH6 (Fddd, P4/mmm and

Imm2), BaH10 (C2c, Cm, Cmmm) or BaH12 (Cmc21, Fm3̄m, P2/m).5,30 The novel hydride

has no detectable Raman activity (Fig. 1 and Fig. S3). These observations are analogous to

the changes observed during the formation of the lanthanide superhydrides,12 or BaH12.
30

The low x-ray scattering power of hydrogen precludes direct determination of atomic posi-

tions and exact stoichiometry of this novel compound. Examination of the unit-cell volumes

with changing pressure implies a Ba:H ratio approximating 1:6, assuming ideal mixing of the

elements (Fig. 3(a)). This experimental results are the basis for the structure determination.

We have used DFT based structure predictions, AIRSS40,41 and CASTEP,42 to fully de-

termine the experimentally observed structure, based on the approximate observed hydrogen

content and well identified Ba positions. These calculations confirm the Pm3̄n space group

symmetry, and find three hydrogen-atom sites at the 6c, 16i, and 24k Wyckoff sites, cor-

responding to a stoichiometry of Ba8H46. This phase is constructed by the packing of two

distinct kinds of atomic hydrogen clathrate cages around each Ba-atom site (Fig. 2(d)): a

face-centered cubic array of BaH20 dodecahedra adjacent to BaH24 tetrakaidecahedra. The

structure formed by H20 and H24 cages has a repeating unit of eight polyhedra, six of them

with fourteen faces and two with twelve, all with hexagons and pentagons, being the two

kind of polyhedral connected by sharing faces. This structure is a form of the Weaire-Phelan
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network, a solution to the Kelvin problem of efficient cellular packing, the lowest energy

configuration of packed bubbles of equal size.43 This structural type has been observed in

Type–I clathrate structures and alkali metal silicides which share the same A8B46 stoichiom-

etry (e.g. Ba8Si46 & Na8Si46).
24,26,44–46 Interestingly, the Type–I clathrate structure, which

appears to be a recurrent configuration in Ba, can be related with superconductivity. For

instance, Ba8Si46 is superconducting with ha critical temperature between 4 and 9 K de-

pending on the Ba content.47–49 The study of superconducting properties of Ba8H46 is out

of the scope of this work and will be addressed in future studies.

Although, Ba8H46 is the first recognised hydride adopting this Type–I structure, this

stoichiometry was also reported as one of a number of mixed phases in europium hydrides

above 90 GPa. However the novelty of the structural type was overlooked.50 Thus, it is

possible that this Weaire-Phelan structural motif could be more ubiquitous in other systems.

Structure searches accounting for an extended range of Ba:H ratios approximating 1:6

confirms that Ba8H46 (ratio 1:53
4
) lies on the convex hull at 50 GPa (Fig. 3(b)). It is

likely that previous structure searches overlooked this result by focusing only on a more

conventional range of stoichiometries. Furthermore, the relatively large unit cell would have

made it challenging if not impossible to identify in early, unconstrained, searches, even using

state-of-the-art methods. Our calculations show that, at the static lattice level, the Pm3̄n

structure exhibits imaginary phonon modes (Fig.-S4), indicating that the stability of this

structure must be strongly influenced by hydrogen quantum effect and zero point motion,

as in CaH6 and LaH10.
52,53

Calculated distances between hydrogens from the static Pm3̄n structure at 25 GPa range

from 0.86 to 1.8 Å(Fig. S5a-d), becoming more homogeneous with pressure (see Fig. S5e):

by comparison in LiH6 at 100 GPa are around 1.45 Å,54 while H-H distances in CaH6

were estimated around 1.24 Å at 150 GPa52 and in LaH10 around 1.19 Å at 150 GPa as

well.27 Therefore Ba8H46 exhibits H-H distances at 50 GPa comparable with those other

polyhydrides at 150 GPa and considerably longer than those of molecular hydrogen, see
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Figure 2: (a) High-pressure x-ray diffraction patterns demonstrating the synthesis of Ba8H46

by laser heating mixtures of BaH2 and H2 above 45 GPa. Tick marks indicate Bragg peaks
from the labelled phases. Peaks marked with asterisks are from the Au pressure marker.51

Compression and subsequent laser heating were carried out with different wavelengths, data
shown in q for consistency between all data sets; (b) Representative Rietveld refinement of
cubic Ba8H46 at 48 GPa (λ = 0.3344 Å). Difference between observed and calculated profiles
is shown above the tick marks. wRp = 3.20% wRall,BaH2 = 11.36% wRall,Ba8H46 = 13.10% (c)
2D XRD image plates before and after laser heating λ = 0.3344 Å). (d) Crystal structures of
Pm3̄n Ba8H46, highlighting the clathrate cages (top) and the Ba–encapsulating polyhedra
(bottom). In both cases BaH20 dodecahedra and BaH24 tetrakaidecahedra are shown in blue
and yellow respectively.
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Fig. S5.

At the static level the lowest enthalpy Pm3̄n Ba8H46 structure does not seem stable,

undergoing symmetry-breaking distortion (Fig. S6): the Pm3̄n structure distorts a
√

2 ×
√

2 × 1 supercell (equivalent c/a = 1.06) to a tetragonal structure P42/mnm and also a

3◦ monoclinic distortion to Pc (Figs. S4, S6 and S7). These distortions are not compatible

with the observed x-ray diffraction pattern which clearly fits into the Pm3̄n structure. Via

Born-Oppenheimer molecular dynamics (BOMD), we explore how large hydrogen motion

stabilizes the high symmetry Ba8H46 Pm3̄n. Our BOMD simulations take the tetragonal

Ba8H46 structure (P42/mnm) at 100 GPa as a starting point. This was stabilised for 1 ps

at 300 K in the NVT (calculation with fixed number of atoms, volume and temperature)

ensemble, then changed to NPT (calculation with fixed number of atoms, pressure and

temperature) to allow for cell shape distortions. Monitoring the angles for the next 7.4 ps

showed the stability of the tetragonal candidate: the average monoclinic distortion was

∼ 0.5◦, 6 times smaller than the static value. We then raised the temperature to 600 K

to mimic increased hydrogen mobility and dynamics. The structure remained tetragonal

(a/c = 1.06) for about 1 ps. At this point, the long axis collapses by 4%, while the short

axes expand, and start fluctuating about the same values (Fig. 4(b), see Fig. S8 for angles).

This symmetrization is not a consequence of melting, or superionic diffusion of the hydrogen

lattice: despite the higher temperature, each hydrogen atom remains within its tetrahedral

site, its average position being at the centre and the larger fluctuations in the mean square

displacement (MSD) (Fig. S9). Thus the BOMD averaged symmetry (Fig. 4(b)) is fully

consistent with experiment. Fig. 4a shows the averaged electronic density of states (DOS)

at a series of random snapshots after the cubic transition. This has been compared with the

DOS of the average structure, where the positions and lattice parameters averaged over the

last 4 ps of the MD. The average MD DOS is semiconducting/semimetallic, about 0.2 eV.

This calculated gap is consistent with observed metallic lustre.

The unusual 1:53
4

stoichiometry is readily understood as being the maximum possible
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Empty (filled) symbols denote metastable (stable) phases.

amount of interstitial atomic hydrogen in any Ba lattice. We assume that Ba lattice is fixed

and that solubility is driven by the physical densification of the mixture under pressure (the

PV term in the free energy). However, maximising the hydrogen content packing competes

with chemical bonding, which induces a Jahn-Teller distortion on the cubic structure. The

formal definition involves partitioning space into polyhedra with a Ba on each vertex. Each

polyhedron forms an interstitial site. Ba8H46 means that hydrogen atoms occupy form

”Voronoi polyhedra” - around each barium atom: all the polyhedra are tetrahedrons, and

each contains precisely one hydrogen. These Voronoi polyhedra are exactly the bubbles in

the Weaire Phelan foam. For metals under ambient conditions, small amounts of dissolved

hydrogen are always located in such interstitial sites. So, 53
4

is a special value, representing

the upper limit for the amount of hydrogen which can be absorbed in this particular way.

Compounds with higher than 1:53
4

hydrogen content cannot have every hydrogen in its own

3D ”cage” of barium atom. Of course, they can be accommodated as molecules, or in ”2D”

sites within a triangle or ”1D” sites immediately between Ba atoms, as they are in other

materials.30 It is interesting that Weaire-Phelan Ba8H46 is synthesised at substantially lower

pressures than existing superconducting polyhydrides, and can be recovered to 20-25 GPa:
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close to the pressures where barium metal forms complex structures.55,56
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Figure 4: (a) Electronic density of states of the Ba8H46 Pm3̄n, using BOMD snapshots
at 50GPa, and the time-averaged structure. (b) Evolution of the lattice parameters of
Ba8H46 along the 100 GPa simulation. The dotted black, orange and cyan lines represent
a, b, and c respectively. The continuous black, red and blue lines represent the 1000-step
running average of a, b and c respectively. The initial conditions correspond to the P42/mnm
structure. This structure can freely distort into the 0 K theoretical ground state without
a barrier, or to the cubic phase. Temperature is increased from 300 K to 600 K at 8.4 ps.
About 1 ps after the temperature increase, the cell undergoes a clear transition. There is
an obvious symmetrization indicating the transition towards the cubic and experimentally
observed Pm3̄n structure. (c) Ba and hydrogen trajectory within the MD calculations
between 10 and 13.5 ps. Ba trajectories are presented in pink and hydrogen ones in grey.

For Ba8H46, valence bond theory implies a composition (BaH2)8(H2)15. Since each hy-

drogen atom is located in its own tetrahedral cage, formation of fully molecular hydrogen is

strongly inhibited by the putative “bond” passing through a triangle of Ba atoms. Analy-

sis of the species-decomposed radial distribution function (RDF) shows that approximately

of 15 H-H bonds (Fig. S10) lie in the first peak with some ambiguity because RDF does

not decay to 0. However, Pm3̄n symmetry cannot allocate 15 × 2 “molecular” hydrogens

and 8 × 2 “hydride” ones. Inspection of movies of the trajectories indicate a continuous

rearrangement between various pairings of the hydrogens, averaging to cubic symmetry.
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Experimentally the Pm3̄n can be tracked down to 27 GPa during decompression, see Fig.

S11. Our DFT calculations find that if the MD pressure is reduced to 0 GPa, significant

diffusion occurs and molecular H2 and BaH2 form (Fig. S12). Thus it is unlikely that Ba8H46

can be recovered to ambient conditions without further chemical doping.

In summary, using Ba as a host and exploding its ability to act as a template for Type–

I clathrates, we have identified the formation of hydrogen cages, H20 and H24. Ba readily

interacts with H2 leading to an unprecedented Ba8H46 at 50 GPa and stable down to 27 GPa,

a doubly-unique Weaire-Phelan structure. This is the most efficient way of hydrogen packing,

as the hydrogen positions coincides with the Voronoi polyhedra - the region of space closest

to each Ba atom. These Voronoi polyhedra are exactly the bubbles in the Weaire Phelan

foam., Theoretical calculations predict that the cages would hold non-molecular H2. The

discovery of the formation of highly symmetric hydrogen cages at relatively low pressures

broadens the hydrogen-bearing searches for potential low pressure fundamental searches

in the superconductivity field. Given the fact that analogous Ba8Si46 structures do show

superconducting properties,25 it is possible that these could be enhanced with the exchange

of Si atoms with H atoms. At the modelling level, the cubic structure is not dynamically

stable within the harmonic approximation and (classical) molecular dynamics are required

to stabilise it close to the experimentally observed cubic phase. We expect that including

quantum effects (e.g. via path integral molecular dynamics) would further help stabilize the

cubic phase, but these calculations are currently prohibitive.
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