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Pressure-stabilized structures of water-neon system under high pressure
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Neon (Ne), as the fifth most abundant element in the universe, is rare to react with other elements by forming
stable solid compounds. It is well known that pressure is a powerful tool to generate the compounds that are
inaccessible at ambient pressure. In this work, we performed structure-searching simulations to examine stable
compounds of Ne and H,O at a wide pressure range of 0-600 GPa. Our simulations identified two phases of
H,ONe and H,ONe, under high pressure. By employing chemical-bonding analysis, interestingly, we found that
Ne-O interactions are comparable in strength to that of conventional hydrogen bond. Moreover, our molecular
dynamic simulations indicate the diffusion behavior of hydrogen atoms within a fixed Ne-O lattice framework of
H,0ONe; at high pressure and high temperature. These results provide the implications for the possible existence
of pressure-stabilized H,ONe and H,ONe, compounds viable in a variety of astronomical objects.
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I. INTRODUCTION

Neon (Ne), whose s and p orbitals are fully occupied by
electrons, is considered relatively inert and rather difficult
to react with other elements. In an attempt to seek the sta-
ble Ne-bearing compounds, much effort has been devoted to
the study of Ne-containing ions including Ne™ [1], (NeAr)"
[2], NeH* [3-5], and (HeNe)* [6] by spectroscopic and
mass spectrometry analysis. However, there is the lack of
any neutral molecules containing Ne atoms in these studies.
Recently, pressure has been accepted as a useful way to help
identify Ne-related compounds. For example, Ne hydrates are
evidenced by experimental measurements at a relatively low
pressure of ~0.2 GPa [7] and ~0.48 GPa [8]. Furthermore,
several compounds are theoretically predicted to become sta-
ble under high pressure, such as NeHe, [9], alkali-oxides-Ne
or sulfide-Ne [10], N-Ne [11,12], and H,O-Ne compounds
[7,8,13], while there is almost no chemical interaction be-
tween Ne and other atoms in these compounds. These results
indicate that the search for stable Ne-bearing compounds is of
great interest in the high-pressure community.

In recent studies, He was able to react with some elements
by forming stable compounds at high pressures, e.g., H,O
[13-15], Na [16], MgF, [17], N [18,19] et al., where pressure
plays a critical role in stabilizing these unexpected compounds
with novel physical properties, such as a superionic state at
high temperatures. On the other hand, the recent theoretical
studies further reveal that the stability of these compounds
is intimately associated with electrostatic energy (Madelung
energy). He and Ne are thought of as large voids to be in-
serted into these compounds without forming chemical bonds
of any type, lowering the electrostatic energy of the system
[17,20]. These studies leave an open question: could Ne react
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with H,O by forming stable compounds at high pressures? In
addition to the interests for high-pressure reaction between Ne
and H,O, both systems are possibly found in the interiors of
some exoplanets, where high-pressure and high-temperature
conditions may enhance the possibility of forming H,O-Ne
compounds.

In this regard, we here systematically explored the crystal
structures of H,O-Ne compounds at a wide pressure range
of 0600 GPa. As the result of simulations, we predicted
two structures of H,ONe, and H,ONe under high pressure.
Ne-O interaction for Fd-3m-H,ONe, could be comparable
in strength to that of conventional hydrogen bond. Moreover,
our molecular dynamics simulations reveal the diffusion of
hydrogen within a fixed Ne-O-lattice framework for H;ONe,,
which is different from H,OHe, where He atoms exhibit the
diffusion behavior within a fixed H-O-lattice framework under
high pressure and high temperature [15].

II. COMPUTATIONAL DETAILS

Extensive structure searches were conducted using
a swarm-intelligence based CALYPSO (Crystal structure
AnaLYsis by Particle Swarm Optimization) method and code
[21,22], which is based on a global minimization of free-
energy surfaces in conjunction with ab initio total-energy
calculations and is widely used at high pressure [23-26].
Density-functional (DFT) theory calculations [27-29], the
Perdew-Burke Ernzerhof [30] generalized gradient approx-
imation [31] DFT, and frozen-core all-electron projector-
augmented wave potentials [32] as performed with 1s, 25 p*,
and 2s% p® configurations treated as the valence electrons
of H, O, and Ne in the VASP (Vienna Ab initio Simulation
Package) code [33] are adopted in this work. The cutoff ra-
dius of the pseudopotentials for oxygen, hydrogen, and Ne
were 0.820, 0.370, and 0.794 A, respectively. The electronic
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wave functions were expanded in a plane-wave basis set with
a kinetic energy cutoff of 1000 eV, and the Brillouin-zone
(BZ) sampling was on k meshes [34] with a reciprocal-
space resolution of 27 x 0.032 A~! to ensure that energies
were converged to 1 meV/atom. The phonon calculations were
performed with the PHONOPY code using a finite-displacement
approach [35,36]. The bonding analysis is through the quan-
tum theory of atoms in molecules approach (QTAIM) [37].

The ab initio molecular dynamics (AIMD) simulations
were performed in the canonical (NV T') ensemble applying a
Nosé thermostat [38]. Simulations reach 8 ps with 128 atoms
of I4,md-H,ONe and 320 atoms of Fd-3m-H,ONe,. The
time step was chosen to be 0.5 fs,and a2 x 2 x 2 k-mesh grid
is used for the BZ sampling. We performed the simulations on
the stable temperatures and pressure range as well as different
possible states (solid, superionic, and liquid) of H,ONe and
HQONez.

We performed the molecular dynamics simulation with
the temperatures range from 1000 to 5000K with a tem-
perature step of 500 K, and then we chose the temperature
step in the regions of interest (500-1500 K and 2000-—
3500K) to be 150K to investigate the temperatures for
phase transitions from the crystalline solid to the superionic
phase, and then to the fluid. The Gibbs free energy (G)
was calculated using the quasiharmonic approximation by the
PHONOPY code. G is defined at a constant temperature (7") and
pressure (P) by the formula G(T, P) = n%/in[U(V) + PV +

Fohonon(T', V)1, where U is the internal lattice energy, V is
volume, and Fyponon i the phonon free energy. Fynonon (T, V) =
KpT [y g(w, V) In[2sinh(522-)ldw, where g(w,V) is the
phonon density of states at f?equency . The minimal value
of G was found at the equilibrium volume for a given
T and P.

III. RESULTS

In this work, we first explored the high-pressure crystal
structures of (H,O)Ne, (H,O)Ne,, and (H,0O),Ne, with max-
imum simulation cells up to four formula units through the
ab initio crystal structure search method. The convex hulls and
the phase diagram of three stable stoichiometries are shown
in Figs. 1(a)-1(d). For the reference systems to investigate
the stability of predicted structures, we take the I4;/amd and
Pbcm phases for H,O at 0-50 and 300-600 GPa [23,24],
the Fm-3m structure [25] for Ne at 0-600 GPa, the Cmca
structure for H;O at 500 GPa [26], and the Pbca structure for
H,0, at 500 GPa [27].

The stable structures of H,O-Ne system are shown in
Fig. 2. The (H,O),Ne stoichiometry was predicted to crys-
tallize in trigonal structure (space group P32) from 1 bar to
1.2 GPa. (H,0),Ne phase adopted an orthorhombic struc-
ture [space group Cmc21 phase, 4 f.u. (formula units) per
cell] from ~1.2 to 13 GPa. After that, we found that the
phase transition of (H,O),Ne is similar to previous studies
[13]. Furthermore, H,ONe is predicted to adopt a tetrago-
nal structure (space group /4;md phase, 4 f.u. per cell) at
a pressure range of ~2-35 GPa as shown in Fig. 2(a). It is
noted that the /4;md-H,ONe also adopted the same structure
of HOHe compound [15], which has the same H,O unit of
141 /amd-VIII-H,0 and shows the similar H-O bonds and

H-O-H angles. The length of H-O in H,ONe is 1.00 A, which
is close t0 0.99 A in 14, /amd -VIII -H,O at 5 GPa. The H-O-
H angle of 106.36° in H,ONe is larger than that (105.95°) in
14, /amd-VIII-H,0. These results indicate the presence of Ne
is likely to weaken the interaction between H and O.

The H,ONe, phase crystallizes in a cubic structure (space
group Fd-3m phase, 8 f.u. per cell) above 296 GPa. In this
structure, each oxygen atom connects four hydrogen atoms
by forming an O-H framework, where Ne atoms saturate
in the center of O-H framework [Fig. 2(b)]. This struc-
ture has the same O-H framework of Pbcm-H,0 phase and
Fd-3m-H,OHe, phase. The H-O bond length of H,ONe,
is 1.08 A, which is slightly larger than that (1.06 A) in
Pbcm-H,0 structure at 400 GPa. These bond lengths are all
shorter than the sum of covalent radii 1.15 A (rp = 0.37 and
ry = 0.68), indicating a covalent H-O bonding. The H-O-H
bond angle of H,ONe, is 109.47°. We found that the Ne-Ne
distance of 1.76 A is shorter than the Ne-Ne van der Waals
(vdW) bond length of 3.08 A.

The electron localization functions (ELF) and electronic
band structure of HyONe, are shown in Figs. 3(a) and 3(b).
A calculated band gap of ~15.48 eV for the Fd-3m-H,ONe,
phase reveals its insulator nature, which is similar to the
previously predicted H,O-He compound [14]. The ELF calcu-
lations indicate a covalent interaction between H and O atoms.
We have also calculated the Bader charge of Ne, H, and O
atoms for F'd-3m-H,ONe, phase. On the basis, Ne atom gains
0.015e, O atom gains 1.35e, and H atom loses 0.69e.

To further analyze the interaction between Ne atom and
other atoms of Fm-3d-H,ONe, structure, we carried out
quantum atoms in molecular (AIM) calculation analysis at 0
and 400 GPa as shown in Table I. The analysis of the electron
density and its curvatures at a bond critical point (BCP), i.e.,
the saddle point along a bond path, could provide information
about the type and properties of bonding. The AIM theory
has been proven to be a useful tool for the characterization of
interactions in closed-shell systems, such as ionic, hydrogen
bonded, or vdW compounds. The calculated p(r) at the BCPs
are 0.355e¢~ A3 for the two nearest-neighbor Ne---O paths
of Fm-3d-H,ONe, phase at 400 GPa. The values of p(r)
increase progressively at pressures from 300 to 400 GPa, as
shown in Table II. The p(r) for Fm-3d-H,ONe, phase is
0.084 e~ A3 at ambient pressure. To put this in perspective,
the p(r) for conventional hydrogen bonds fall in a range of
0.04 to 0.24e~ A= at ambient pressure. It thus indicates
that the strength of Ne---O interactions in the F'd-3m-H,ONe,
structure is comparable to or potentially stronger than con-
ventional hydrogen bonds. The Laplacian V?p(r) at the BCP
are 1.58 and 8.13 e~ A~ for the two nearest-neighbor Ne---O
paths of Fm-3d-H,ONe, phase at 0 and 400 GPa, which
clearly defines closed-shell interactions between Ne and its
nearest-neighbor O atoms. It is important for the V2p(r) to
be positive for the Ne---O interactions since these interactions
are dominated by contraction of electrons away from the inter-
atomic region toward each of the nuclei. It has been shown that
the V2p(r) of conventional hydrogen bonds falls in a range
from 0.58 to 3.35e~ A5 [39]. Thus, the Ne---O interaction
in the Fm-3d-H,ONe, structure appears to be stronger than
the conventional hydrogen bonding, which is consistent with
the analysis of p(r). The interaction of Ne---O in H,ONe, is
similar to He and O atoms in /bam-(H,O),He [14] structures
with p(r) of 0.444 e~ A3 and V2p(r) of 9.215¢~ A=, The
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FIG. 1. Thermodynamics of the Ne-H,O system of the stable compounds. (a) Convex hull for formation enthalpies (AH with respect to
Ne and H,O) at different pressures. (b) Pressure-composition phase diagram of the Ne-H,O phases discovered in this work within zero-point
energy, together with the previously known phases (green) in the pressure range of 0-50 and 100-600 GPa. (c) Ternary phase diagram of
H-O-Ne system at 5 GPa. (d) Ternary phase diagram of H-O-Ne system at 500 GPa.
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FIG. 2. Crystal structures of the stable compounds. (a) Crystal structures of /4;md-H,ONe. (b) Crystal structures of F'd-3m-H,ONe,. The
detailed structural information are shown in Table III.
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FIG. 3. Electronic properties of Fd-3m of H,ONe,. (a) Electronic band structure of Fd-3m-H,ONe, at 400 GPa. (b) ELF of

Fd-3m-H,ONe, at 400 GPa.

BCP simulations of nearest Ne atoms also show that p(r)
is 0.596e~ A3, and V2p(r) is 18.05le~ A5 with Ne-Ne
distance of 1.762 A at 400 GPa for Fm-3d -H,ONe, structure,
indicating the weak chemical association between Ne and
Ne atom. With increasing pressure, we found that the o(7)
and V2p(r) values between atoms increase, indicating the
pressure could strengthen the interatomic interaction.

Ne is also detected in the Earth’s interior from hot spots on
the surface of the Earth and elevated *He / “He, ’Ne / *’Ne,
and 3°Ar /% Ar ratios in some ocean island basalts, demon-
strating the highly possible presence of primordial noble gases
in the Earth’s interior [40]. Moreover, Ne is possible to be
created by decay or neutron capture of Mg/ **Mg series
elements that have been trapped in the Earth’s interior, where
radiogenic 2! Ne and ?2Ne are found likely in the Earth’s inte-
rior. In this regard, we further study the stability of H,O-Ne
compounds under high temperature and high pressure, as
shown in Fig. 4. The stable region of /4;md-H,ONe agrees
with the geotherm line, indicating 74;md-H,ONe may be
stable in the deep Earth as well. Compared with the P-T
phase diagrams of HOHe compounds reported previously, it
is found that the transformation temperatures from solid state
to superionic state and from superionic state to liquid state
of 14,md-H,ONe and /4,md-HOHe are almost the same. In
addition, we found that the stable region of Fd-3m-H,ONe,
as shown does not correspond to the temperature and pressure
curves of Uranus and Neptune.

TABLE 1. Topological properties of the BCP at the shortest
Ne---Ne and Ne---O contacts (strong closed-shell interactions) for the
Fd-3m-H,OHe, structure at 400 GPa.

The different states of matter were determined from
ab initio molecular dynamics simulations and the mean-
square displacement (MSD) of H,ONe and H,ONe, com-
pounds. In order to show the structure state more clearly, MSD
data and particle trajectory graph of F'd-m-H,ONe compound
are presented in Fig. 5. For the solid state, H, O, and Ne
atoms are all at the balanced vibration position and the cor-
responding MSD data and atomic trajectory data at 53 GPa
3000 K are shown in Fig. 5(a). The MSD of atoms in solid
state are straight lines as shown in Fig. 5(a), where black,
red, and blue represent H, O, and Ne atoms, respectively.
Their ion trajectories form clusters, where pink, red, and green
represent trajectories of H, O, and Ne, respectively, as shown
in Fig. 5(c). For superionic state, O and Ne atoms are at their
balanced vibration position while H atoms move away from
their equilibrium position and begin to diffuse freely at 55
GPa 4000 K as shown in Fig. 5(b). The black sloping line
MSD of H atom increases with time in superionic state. The
pink trajectory of H [Fig. 5(d)] is larger farther and out of its
equilibrium vibration range. This result differs from the previ-
ous result for H,OHe [15], in which the diffusion of He atoms
is earlier than H atoms, probably because of the heavier Ne
than He. For different material states of H,ONe and H,ONe,,
the corresponding temperature and pressure ranges are shown
in Figs. 4(a) and 4(b). Learning from our P-T phase diagram,
as the temperature and pressure increase, the HO-Ne com-
pounds gradually changes from solid to superionic and then
to liquid.

TABLE II. Topological properties of the BCP at the shortest
Ne---Ne and Ne---O contacts (strong closed-shell interactions) for the
Fd-3m-H,OHe, structure at 400 GPa.

Bond type d (A) p(racp) Vp(racp) p(rpcp) V2p(rgcp)
(e A (e A%) Bond type d(A) (eA?) (e A)
Hydrogen bonds [39] 0.04-0.24 0.58-3.35 Hydrogen bonds 0.04-0.24 0.58-3.35
He-O [14] 1.773 0.444 9.215 Ne-Ne at 300 GP 1.812 0.512 15.419
Ne-Ne at 400 GPa 1.762 0.596 18.051 Ne-Ne at 400 GPa 1.762 0.596 18.051
Ne-O at 400 GPa 2.067 0.355 8.127 Ne-O at 300GPa 2.125 0.306 6.805
Ne—-Ne at 0 GPa 2277 0.136 3.405 Ne-O at 400GPa 2.067 0.355 8.127
Ne-O at 0 GPa 2.670 0.084 1.580 He-O 1.773 0.444 9.215
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TABLE III. Predicted structural parameters of various H,O-Ne compounds.

Atomic coordinates

Compound Pressure (GPa) Space group Lattice Parameters(A,deg) Atom X y z

H,ONe 5 GPa I4ymd a=b=4.437 8b 0.500 —0.320 —0.146

c=6.293 4a 0.500 —0.500 0.758

a=B=y=90 4a 1.000 —0.000 0.771

H,0Ne, 400 GPa Fd-3m a=b=c=4.9846 16¢ 0.375 0.125 0.375

a=B8=y=90 8a 1.000 0.500 0.500

16d 0.875 0.125 0.375

IV. CONCLUSION APPENDIX

In summary, we predicted two compounds of H,ONe and
H,;ONe, by swarm intelligence structure simulations. The
predicted stable high-pressure phase of 74;md-H,ONe is
stable from about 2 to 35 GPa and Fd-3m-H,ONe, phase is
stable from 300 to 600 GPa. High-temperature and -pressure
phase diagram analysis shows that /4;md-H,ONe may be
stable in the Earth’s interior. The Fd-3m-H,ONe, phase is
an insulator with an indirect band gap of ~15.48 eV at
400 GPa. The ELF, Bader, and AIM analysis of
Fd-3m-H,ONe, at 400 GPa suggest that Ne-Ne and Ne-O
have the chemical association, the strength of which is similar
to the hydrogen bonds in dense ice phases.
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We have also calculated the Born effective charge for the
predicted compounds. The results show that the Born effective
charge of H and O atoms is close to ion charge, while the
Born effective charge of neon is small (Table IV), indicating
that there is polarization between H and O atoms while Ne
remains electrically neutral.

Further phonon calculations show that there is no imagi-
nary frequency in the whole Brillouin region for the predicted
structures of HONe, and H,ONe, indicating that these struc-
tures are dynamically stable, as shown in Fig. 6 We also
wish to point out that this kind of phonon calculations could
not provide any implication for the further understanding of
dynamical properties for superionic and liquid states of these
predicted structures at high temperatures, which encourages
us to perform further molecular dynamics simulations as we
will discuss them later.

The equation of state of H,O-Ne, H20 and Ne are shown
in Fig.7. The volume of the crystal decreases with increasing
pressure. In comparison, the volume of H,O and Ne changes
with pressure more gently than that of HyONe and H,ONe,.
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4000
& 2000 Superionic
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FIG. 4. Pressure-temperature phase diagram of H,ONe and H,ONe,. (a) Stability fields separating H,O + Ne of /4,md-H,ONe com-
pounds. (b) Stability fields separating H,O + Ne of Fm-3d-H,ONe, compound. Solid (white), superionic (green), liquid (blue) phases, and
unstable (pink) of H,ONe and H,ONe, compounds, obtained from AIMD simulations. Temperature and pressure curve inside Earth [41];

Uranus and Neptune [42] are shown as orange, red, and blue lines.
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FIG. 5. Behavior of H and Ne atoms compared to O atoms in Fd-3m H,ONe, from AIMD simulations at 3000 and 4000 K. (a) Averaged
MSDs for the H, O, and Ne atoms of Fd-3m-H,ONe, from AIMD simulations at 3000 K and 53 GPa. (b) Averaged MSDs for the H, O, and Ne
atoms of Fd-3m-H,ONe, from AIMD simulations at 4000 K and 55 GPa. (c) Atomic trajectories of the Fd-3m-H,ONe, solid phase (3000 K,
53 GPa). (d) Superionic H phase (4000 K, 55 GPa).
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FIG. 6. Calculated phonon dispersion and density of states (DOS) curves of H,ONe, at 300 GPa, 400 GPa and 600 GPa.
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TABLE IV. The calculated Born effective charge tensor of Fd-3m-H,ONe, at 400 GPa.

7*/e
Atoms Zor Zy Z,. Z, Zyy Z,. Z. Z., Z..
H 1.035 —0.626 0.626 —0.626 1.035 —0.626 0.626 —0.626 1.035
0 —1.820 0.000 0.000 0.000 —1.820 0.000 0.000 0.000 —1.820
Ne —0.125 —0.061 0.061 —0.061 —0.125 —0.061 0.061 —0.061 —0.125
CR —=—H,0ONe (4,ma)) (b) |
—o—H,0(4./ama) 120+
1001 —— Ne (Fm3m)
— 90+ —— HZONGZ(FOL3I77)
oL
s 80 —e—H,0 (Pbcm)
E 60 —— Ne (Fm-3m)
= 60 \,\‘\<
WVp— o ]
40 — N A

10 20

Pressure (GPa)

30

T T
400 500
Pressure (GPa)

300 600

FIG. 7. The equation of state. (a) The equation of state of H,ONe-/14,md, H,O-14,/amd and Ne-Fm-3m. (b) The equation of state of

H,ONe,-Fd-3m, H,O-Pbcm and Ne-Fm-3m.
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