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The knowledge of the structures that can exist in compounds containing helium is of interest for understanding
the conditions where and if this inert element can form structures where closed shell electrons of helium can
participate in bonding that is not describable exclusively by van der Waals interactions alone. In this study we
examine stable mixtures of He and H,O at high pressures using a first-principles structure searching method.
We find a thermodynamically stable structure that can be characterized by interactions comparable in strength
to that of conventional hydrogen bonds. An orthorhombic structure with space group Ibam is identified that
has progressively lower enthalpy with increasing pressure above 296 GPa than a mixture of He and H,O.
This mechanically and dynamically stable structure is found at pressures that are now becoming accessible to

high-pressure techniques.

DOI: 10.1103/PhysRevB.91.014102

There is a very active discussion in the literature of the
structures and properties of compounds formed with elemental
systems, including the inert gases, at high pressures. These
studies have uncovered and characterized, for example, nu-
merous van der Waals (vdW) or chemically bound crystalline
compounds for the heavier inert gases Ne, Ar, and Xe at
high pressures. Where vdW interactions are dominating, these
include mixed He-inert gas compounds such as Ne(He), and
Ar(He), that were examined to pressures of about 20 GPa and
N-He compounds [1-3]. As well, chemically bound, gas-phase
metastable He compounds structures have been predicted [4].
More recently, possible stable compounds of xenon and iron
have been searched for and predicted structures were found
that may explain the missing Xe paradox in the earth [5].
In addition, Xe compounds such as XeF, can yield metallic
character at high pressures [6]. He, on the other hand, has
not yet been demonstrated to form thermodynamically stable
compounds where there is actual negative formation enthalpy
characteristic of compound structural stability. There are
reports of filled ice structures [7,8] that can be also classified
as stabilized via vdW and repulsive forces. These include the
earlier report of a helium hydrate that closely resembles a high
pressure form of ice, ice I [7]. In this material the He modifies
the lattice parameters of ice Il and could possibly be described
as a filled ice II or helium hydrate structure. More recently,
precise data on the solubility of He in the low pressure form
of ice has been reported [8] and found that the solubility was
much less than that for total occupation of voids in ice Ih which
would imply one He atom per two water molecules. Structural
data was not presented to verify if He filled ice could be
analogous to the He filled ice II hydrate structure investigated
by Londono et al. [7] although significant expansion of the ice
Ih lattice occurs similar to that found for the He-ice II hydrate.
It has recently been found in high-pressure experiments, and
supported by ab initio calculations, that Xe forms a weakly
metallic compound with H,O ice above 50 GPa [9]. In the
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present study we therefore examine and characterize possible
structures that He can form with H,O, and in particular, to
explore the degree to which the closed shell electrons of He
can contribute to yield stable structures with bonding greater
in strength than vdW interactions that dominate at low or
moderately high pressures.

The search for crystalline structures of H,O-He phases was
performed using particle swarm optimization methodology
as implemented in the CALYPSO program [10,11]. Recent
successful applications of this method include examples of
structure predictions for various crystalline systems (Ref. [12]
and references therein). Structural optimizations, enthalpies,
and electronic structures were calculated using the Vienna
ab initio simulation (VASP) program [13] and projector-
augmented plane wave (PAW) potentials employing the
Perdew-Burke-Ernzerhof (PBE) functional [14]. The H, He,
and O potentials have 1s!, 152, and 2522 p4 as valence states,
respectively, adopting an energy cutoff of 800 eV. Dense
k-point meshes were employed to sample the first Brillouin
zone (BZ) and ensured that energies converged to within
1 meV/atom. Phonon calculations were performed using the
PHONOPY code [15]. A topological analysis of the electron
density p(r) has been carried out using the quantum theory of
atoms-in-molecules (AIM) [16]. In the AIM theory, an atom
within a solid is defined through the “zero-flux” condition
of the electron density gradient V p(r). The analysis of the
electron density and its curvatures at a bond critical point
(BCP), i.e., the saddle point along a bond path, provides
information about the type and properties of bonding. The
AIM theory has been proven to be a useful tool in the
characterization of interactions in closed-shell systems, such
as ionic, hydrogen bonded, or vdW compounds [17].

Thermodynamic stabilities of various (H,O),He, phases
have been investigated through their relative enthalpies of
formation AHT with respect to solid mixtures of H,O and
He. The AH' has been calculated for every stoichiometry at
300 and 500 GPa, using the lowest-enthalpy structure obtained
from the structure searches [Fig. 1(a)]. Here a negative A H f
indicates that the compound is more thermodynamically stable
than the mixture, while the convex hull of AH' connects all
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FIG. 1. (Color online) (a) Enthalpies of formation (AH', with
respect to Pbcm H,O and hexagonal close packed He) of
the most stable (H,O),He, phases. A fractional representation
(H,0)(1_nHe, (0 < x < 1)is used such that AH/[(H,0)(,_ He,] =
H[(H,0)_nHe,] — (1 — x)H[H,0] — x H[He]. (b) The zero-point-
energy corrected AH/ of the (H,0),He phase with respect to H,O and

He. Inset shows the AH' without the zero-point-energy corrections
(see text).

stable phases. The Pbcm structure of H,O ice and hexagonal
close packed structure of He [18] were used as reference
structures. The Pbcm ice is the structure predicted to form
at about 3 Mbars from ice X [19,20]. The energy difference
between the Pbcm and ice X structure stable just below
3 Mbars is small and does not materially affect the convex
hull calculations. In Fig. 1(a) the only identified stable
stoichiometry for (H,O),He, compounds is (H,O),He. The
predicted (H,O),He phase has an orthorhombic structure
(space group: Ibam), whose AH' approaches zero near
300 GPa (~0.005 eV/atom). At 500 GPa, its AH' reaches
~—(.24 eV /atom which confirms the stability of this phase
under high pressure. Meanwhile, in the same pressure range,
the AH' of other (H,O), He, stoichiometries remain positive.
The AH' of the Ibam structure as a function of pressure is
presented in the inset of Fig. 1(b), which shows that this phase
becomes thermodynamically stable near 303 GPa. To account
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FIG. 2. (Color online) (a) Ibam crystal structure and (b) the same
structure with the electron localization function (isovalue = 0.8) of
(H,0),He at 300 GPa. Structures are viewed in a conventional unit
cell. Green, pink, red, and blue spheres indicate H(1), H(2), O, and
He atoms.

for the vdW interactions, the AH! was recalculated using
both semiempirical DFT-D2 vdW corrections [21] and the
optB88-vdW density functional [22,23]. The results indicate
that the vdW interactions only have minor effects on the
energetics of the (H,O),He in the pressure range of interest.
This is in contrast to the previously studied He filled ice
and He-inert gas compounds where vdW interactions are
significant. An inclusion of the vdW interactions slightly
lowers the starting point of the stability of the Ibam structure,
from 303 GPa (PBE) to 297 GPa (optB88-vdW), and to
291 GPa (DFT-D2) (see Appendix A). Due to the light
atomic masses in (H,O),He, the zero-point energy (ZPE)
may be able to affect the phase stability. The ZPE was
estimated for (H,O),He, H,O, and He using the harmonic
approximation. Inclusion of the ZPE in the PBE calculations
further stabilizes the Ibam structure with respect to H,O and He
reducing the starting point of its stability slightly to 296 GPa
[Fig. 1(b)].

The Ibam structure is shown in Fig. 2(a). The structure
parameters optimized at 300 GPa are: H(1)8; 0.242, 0.098,
0.0, H(2) 8¢ 0.0, 0.327,0.25, 0 8, 0.157,0.329,0.0, and He
4a0.5,0.5,0.25, with a = 4.36,b =4.19, and ¢ =3.51 A.
A particularly interesting feature of this structure is the
unsymmetric O-H-O bond lengths. In addition, the Ibam
structure is distinctly different from that of ice VIII and ice
X that is identified for pure H,O ice at lower pressures.
These structures are characterized as each consisting of two
interpenetrating hydrogen-bonded networks related to the
low-pressure cubic ice form, ice Ic. Ice VIII has hydrogen
bonds characterized in a similar manner as that found in ice
Ic, where the hydrogen atom in the hydrogen bond between
neighboring oxygen atoms is located at about 1 A from one
oxygen atom and at a greater distance from the other oxygen
atom. In ice X, the oxygen atoms in a hydrogen bond are
at much shorter hydrogen-bonded distances than in ice VIII,
resulting in a symmetric hydrogen bond with the proton in
the center of the potential well between neighboring hydrogen
bonded oxygen atoms. All O-H-O hydrogen-bond lengths
are equal in ice X. The Ibam structure is distinctly different
from the ice structures that form with hydrogen at lower
pressures [24] where hydrogen molecules are suggested to
replace one of the interpenetrating ice lattices in ice VIIIL.
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In the Ibam structure the two interpenetrating lattices remain
intact but He atoms are located in channels down the z axis of
this structure [Fig. 2(a)]. The effect is to distort the hydrogen
bond lengths in the x-y planes very slightly but also yielding
distinctly different O—H bond lengths at 300 GPa of 1.036 and
1.208 A. The total length of 2.244 A for the O-H-O bond at
300 GPa in the Ibam structure corresponds to the calculated
bond length at about 140 GPa for ice X [25]. Ab initio path
integral calculations that followed the transformation of ice
VII and VIII to ice X showed that protons become delocalized
in the lower transition pressure range between that of ice VIII
and ice X. For the O-H-O bond lengths at 300 GPa in the Ibam
structure, however, the protons are expected to be localized in
a single-well potential for pure ice based on the work of Benoit
et al. [25] and a harmonic approximation would be appropriate.
The distinctly different O—H lengths within hydrogen bonds
in the Ibam structure reflects the role of He in its bonding;
each He atom is surrounded by four H(1) atoms and two
H(2) atoms, where the distances of He-H(1) and He-H(2)
also differ and are found to be 1.435 and 1.368 A. If the
He atoms are removed from the Ibam structure, the structure
is immediately unstable and transforms directly to the ice X
structure during the geometry optimization. At even higher
pressures of 400 and 500 GPa, the bond length difference in
the O-H-O bonds in the x — y plane persists with He present
in the lattice indicating the role of the bonding property of He
in the Ibam structure. The O-H-O distances are well within
the distance range for ice X formation at these pressures so
quantum tunneling effects would be expected to be present
and modify slightly the pressure dependence of this structural
detail. The He-H(1) and He-H(2) distances also remain slightly
different even at 500 GPa. This behavior of (H,O),He is in
direct contrast to the case of He filled ice II where removal
of the He results only in a change of the modified Ice II
lattice parameters directly to ice I host lattice parameters, and
demonstrates the important role that He plays in stabilizing
the (H,O),He compound.

The topological properties of the electron density p(r)
can provide an indication of whether the Ibam structure is
fundamentally different than the vdW compounds that have
been reported at lower pressures. At 300 GPa, each He atom is
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at distances of 1.773 and 1.875 A from its nearest neighbor O
atom. These distances are much shorter than the sum of the two
vdW radii (2.92 A). The quantum AIM analysis [26] identifies
BCPs in the interatomic regions between He and O, suggesting
a subtle but non-negligible bonding interaction. The calculated

p(r) at the BCPs are 0.45 and 0.35 e’A_3, respectively, for
the two nearest neighbor He---O paths. The values of p(r)
increase progressively with the pressure, as a consequence of

bond shortening, to 0.73 and 0.70 ei&_3 at 1 TPa. To put this
in perspective, the p(r) for conventional hydrogen bonds fall

in a range of 0.04 to 0.24 e‘A_3, at ambient pressure [17].
It therefore indicates that the strength of He---O interactions
in the Ibam structure may be comparable to or potentially
stronger than conventional hydrogen bonds. For the filled ice II
hydrate, on the other hand, the calculated p(r) along the nearest

neighbor He---O paths are much smaller, i.e., about 0.02 e’f‘:3
at4 kbars, which can be characterized as vdW interactions. The

Laplacian V?p(r) at the two BCPs are 9.22 and 6.53 A7,
respectively, which clearly defines closed-shell interactions
between He and its nearest neighbor O atoms. It is important
for the V2 p(r) to be positive for the He---O interactions since
these interactions are dominated by contraction of electrons
away from the interatomic region toward each of the nuclei.
The electron localization function [27] of the Ibam structure in
Fig. 2(b) demonstrates this behavior; the tendency of electron
localization between H,O and He is very low. A positive
V2p(r) is a characteristic of closed-shell interactions [28]. It
has been shown that the V2p(r) of conventional hydrogen

bonds falls in a range of 0.58 to 3.35 e‘A_S [17]. Thus,
the He---O interaction in the Ibam structure appears to be
stronger than the conventional hydrogen bonding, which is
consistent with the analysis of p(r). For the filled ice Il hydrate,

the calculated value of VZp(r) are 0.40 and 0.32 e’A_S
(4 kbars), between the He and O atoms, clearly falling in the
range for vdW interactions. From these topological properties,
we therefore suggest a clear distinction between the He---O
interaction in the Ibam structure and that of the filled ice II.
The former is characterized as a strong, closed-shell, bonding
interaction with the character and strength similar to that of

Total

Energy (eV)

——He_s

=30 -20 -10 0 10 20 30
Energy (eV)

FIG. 3. (Color online) (a) Electronic band structure and (b) projected density of states for the /bam structure of (H,0),He at 300 GPa. In
(a), band characters from different orbitals are highlighted by a fat-band representation.
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hydrogen bonds, while the latter is a vdW interaction. There
is also a clear distinction between this He---O interaction and
that of the covalent O-H bonds in a water molecule, and that
of typical ionic bonds. We have analyzed the energetics for the
BCPs in the Ibam structure, and compared it with the filled ice
II vdW compound (Appendix B).

Ice is a wide band gap insulator at ambient conditions and at
high pressures up to the TParegion. Because of the closed-shell
nature of the He---O interactions, the presence of He in the ice
does not lead to an immediate closure of the band gap. We have
calculated the electronic band structure and projected density
of states for the Ibam structure at 300 GPa [Figs. 3(a) and 3(b)],
which reveal an indirect band gap of ~10 eV between the
I' and X points. Similar to the ice, the electronic states of
(H,0O),He near the band gap are dominated by oxygen. The
fat-band representation [Fig. 3(a)] clearly shows three subsets
of valence bands, which, in the order of decreasing energy, are
characteristic of O 2p orbital (0 to —20 eV), He 1s orbital (—5
to —20 eV), and O 2s orbital (—20 to —30 eV). The bands
of hydrogen mix strongly with those of oxygen throughout
the valence regime, representing an O—H-O covalent network.
The bands of He consist primarily of its 1s orbitals, which
mix with the bands of oxygen, in particular, between —5 and
—15 eV, for a bonding He---O interaction. These properties
suggest weak interaction between H,O and He and that an
interaction similar in strength to hydrogen bonding is playing
a significant role in stabilizing the (H,O),He at high pressures.
In addition, the stability of the Ibam structure at high pressures
has been established from the phonon calculations (Fig. 4). The
absence of imaginary frequencies confirms that this structure is
dynamically stable and therefore experimentally accessible.

It is worth noting that another recent theoretical and
experimental work reports an interesting result that Na,He
can be formed at high pressures [29]. However, the origin of
(H,0),He structural stability is distinctly different from that
of Na,He under high pressure. For the reported cubic phase
Na,He, transferred electrons from metallic Na atoms to He
atoms play the key role in stabilizing its structure, where this
mechanism is similar to the pure Na system in its hp4 high-
pressure insulating structure [30] where the origin of stability
is due to a valence electron transferred into interstitial space
forming an electride. In the Na,He electride, paired electrons
are located in interstices in the structure taking on the role of
anions and also yield an insulating structure. In contrast, in the
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FIG. 4. Phonon band structure for the I/bam structure of (H,O),He
at 300 GPa and 0 K.
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FIG. 5. (Color online) Enthalpies of formation (AH', with re-
spect to H,O and He) of the (H,O),He phase (I/bam structure),
calculated using the optB88-vdW, DFT-D2, and PBE schemes.

(H,0),He compound, there is little electronic charge transfer
between H,O and He atoms but direct He---O interactions of
closed-shell nature play the critical role of stabilizing the Ibam
structure under high pressure. As an approximate measure, the
calculated Bader charges (at 300 GPa) for H(1), H(2), O, and
He atoms in the Ibam structure are 0.3619, 0.3782, 9.2465, and
2.0286 e, respectively, which only suggests a minor amount,
ie., ~0.0286 ¢, of charge transfer from H,O to He. The
critical role of He is seen where its removal from the Ibam
structure at 300 GPa results in a direct transformation to the
ice X structure with symmetric hydrogen bonds.

In summary, we have investigated the conditions at which
the closed-shell electrons of helium exhibits near neighbor
interactions in a dynamically stable (H,O),He high-pressure
structure. We have found, by employing a particle swarm
search method, an orthorhombic Ibam insulating (H,O),He
structure that exhibits unique structural properties including a
mixture of symmetric and nonsymmetric hydrogen bonds. This
structure is distinctly different from the He filled ice or hydrates
defined by vdW interactions alone in that He is essential for
the Ibam structure. It is shown that helium at 300 GPa exhibits
bonding properties with H,O that are not characterized as

12
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FIG. 6. (Color online) Theoretical (present results) and experi-
mental equations of states for solid helium. The theoretical pressure-
volume curves were obtained using the optB88-vdW, DFT-D2, and
PBE schemes.
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TABLE I. Topological properties of the BCP at the shortest He---O contacts (strong closed-shell interactions) and the shortest H-O contacts
(covalent bonds) for the /bam structure at 300 GPa. Multiplicity indicates the number of the He---O contacts connected to a single He atom.

p(racp) V2p(racp) G Vv Egp
Bond type d(A) Multiplicity (e A7) e A7) (kI mol™") (kI mol™") (kI mol™")
He--O 1.773 3 0.4448 9.2156 24841 _245.82 122.91
1.875 3 03473 6.5303 172.25 —166.64 83.32
H-O0 1.037 2.0451 537068 55.53 —1573.85 786.93
1.116 1.6266 —24.3684 261.27 —1186.27 591.14
1.207 1.2414 59734 340.08 —842.86 421.43

vdW interactions but have a strength and properties similar
to that of hydrogen bonds in dense ice phases. We also note
that the process of fusion that occurs in stars such as our Sun
produces enormous quantities of helium resulting from the
fusion reaction. Helium is the second most abundant element
followed by oxygen in the Milky Way galaxy for example.
It is therefore expected that there may be many exoplanetary
bodies that contain large amounts of He and water and the
structure we predict should be a significant component.

This project was supported by Natural Sciences and
Engineering Research Council of Canada (NSERC) through a
Discovery Grant.

APPENDIX A: EFFECTS OF THE VAN DER
WAALS INTERACTIONS

Density functional theory is a well-established method
for the characterization of atomic interactions in matters. In
principle, density functional theory can yield exact ground-
state energy of any correlated electronic system. In practice,
however, approximations must be made for how electrons
interact with each other in the system. These interactions
are approximated by the exchange-correlation functionals.
The local density approximation (LDA), generalized gradient
approximation (GGA), and the hybrid functionals are among
the most successful approximations developed over the years;
the PBE functional [14] used in the present study is a
realization of the GGA. The standard exchange-correlation
functionals are known to lack the description for long-range
dispersion interactions, colloquially referred to as the van
der Waals (vdW) interactions, which originate from the
instantaneous fluctuations of the electron distributions. The
vdW interactions can contribute significantly to the phase
stability of rare-gas solids, molecular crystals, and many other

systems. These interactions may also have some effects on the
(H,0),He compound.

We calculated the enthalpies of formation for the (H,O),He
compound using (1) a van der Waals density functional (vdW-
DF), optB88-vdW [22,23], (2) a semiempirical approach for
vdW corrections, DFT-D2 [21], to account for the dispersion
interactions, and (3) the standard PBE functional without any
vdW corrections. The results are compared in Fig. 5 which
shows that the vdW interactions only have minor effects on
the energetics of the (H,O),He compound. An inclusion of
the vdW interactions slightly lowers the pressure where the
(H,0),He compound becomes stable, from 303 GPa (PBE)
to 297 GPa (optB88-vdW), and to 291 GPa (DFT-D2). To
this end, the standard PBE functional appears to be a reliable
choice for the characterization of the (H,O),He compound in
the pressure range of interest. Moreover, we also calculated the
equation of the states of solid helium, using the optB88-vdW,
DFT-D2, and PBE schemes, and compared the results with the
available experimental data [31] in Fig. 6. All three schemes
yield results that are in good agreement with the experiments.
At low pressures the DFT-D2 is shown to outperform the
optB88-vdW and PBE, whereas at the pressures above 20 GPa
the three schemes yield essentially identical results which
correspond remarkably well with the experiments, indicating
a decrease of dispersion interactions with increasing pressure.
This finding is consistent with the previous density functional
calculations [32] which show that the PBE functional can
provide the equation of state of helium in excellent agreement
with the experiments.

APPENDIX B: TOPOLOGICAL ANALYSIS
OF THE ELECTRON DENSITY

Topological analysis of all-electron charge density was
carried out using the quantum theory of atoms-in-molecules. In

TABLEII. Topological properties of the BCP at the shortest He---O contacts (van der Waals interactions) and the OH---O contacts (hydrogen
bonds) for the helium filled ice II structure at 4 kbars. Multiplicity indicates the number of the He---O contacts connected to a single He atom.

o(rscp) V2p(race) G Vv Egp

Bond type d(A) Multiplicity (e A7) (e A7) (kJ mol™") (kY mol ™) (kJ mol™")
He--O 2982 3 0.0243 0.4041 7.08 4904 247
3.077 3 0.0199 0.3157 6.19 ~3.78 1.89
OH.--O 1.713 0.3188 3.0559 102.03 ~120.82 60.41
1.747 0.2904 3.0431 95.09 ~107.31 53.66
1.794 0.2561 2.6913 81.17 ~89.05 44.53
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TABLE III. Evolution of the topological properties of the BCP at the shortest He---O contacts for the Ibam structure under pressure.
Multiplicity indicates the number of the He---O contacts connected to a single He atom.

o(rpcp) vz/0('”BCP) G 14 H

Bond type Pressure d(A) Multiplicity (e‘A%) (e‘AfS) (kJ mol™h) (kI mol™") (kJ mol™")
He---O 300 GPa 1.773 3 0.4448 9.2156 248.41 —245.82 2.59

1.875 3 0.3473 6.5303 172.25 —166.64 5.61
He---O 500 GPa 1.694 3 0.5438 11.5461 322.98 —331.49 —8.51

1.756 3 0.4675 9.2076 255.28 —259.77 —4.49
He---O 1000 GPa 1.588 3 0.7265 16.6745 486.44 —518.71 —32.37

1.598 3 0.7018 16.6779 476.21 —498.16 —21.95

this theory quantum mechanics is extended to open systems in
which an atom within a solid is defined by a zero-flux surface
of the electron density gradient Vp(r). The charge density
distribution p(r) and its principal curvatures (three eigenvalues
of the Hessian matrix) at the bond critical point (BCP),
i.e., the saddle point between two atoms, reveal information
about the type and properties of bonding. For the last two
decades, the quantum theory of atoms-in-molecules has been
successfully applied for the characterization of bonding in a
variety of solid state systems [17]. Closed-shell interatomic
interactions can be adequately described and classified by the
topological properties of the electron density p(r) at the (3,
—1) BCP, where the density gradient Vp(r) vanishes. The
second derivative of the electron density (Laplacian) V2p(r)
reveals information about the concentration or depletion of
the elections at the BCP. It has been shown that the V p(r) and
V2p(r) at the BCP are directly related to the bond order and
thus to the bond strength [33], for which the bond dissociation
energy (Epp) can be estimated using the potential energy
density V (rgcp), i.e., Egp = —%V(}"Bcp). Here we used the

virial theorem which relates the V' (rgcp) and the kinetic energy
density G (rgcp) to the V2 p(rgcp), such as,

h2
V(rpce) = EVZP(VBCP) — 2G(rpcp) (B1)

For a closed-shell interaction, G (rgcp) can be obtained
directly from V2 p(rgcp) and p(rgcp),

G(race) = 5372 p P (rpce) + £ V2 p(race)  (B2)

Since V (rpcp) is always negative and G (rgcp) always
positive, the sign of the local energy density H (rgcp) =
G (rgcp) + V (rpcp) reveals which energy term dominates an
interaction. Closed-shell interactions such as those previously
found in ionic, hydrogen bonded or van der Waals systems
have positive values of H (rgcp), where shared electron density
causes destabilization rather than stabilization of the system.
Calculated topological properties of the electron density for
the interatomic interactions in (H,O),He and He filled ice II
are in Tables I —III.
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