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Formation of NH3-Xe compound at the extreme condition of planetary interiors
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Noble gas elements have been illustrated to exhibit chemical activity to form unconventional compounds
at high pressure. In this paper, we report combined structure prediction and first-principles calculations to
propose an unexpected stoichiometry of (NHj3),Xe that becomes energetically stable >11 GPa. Here, NH3 in
the compound remains in its molecular form up to at least 300 GPa, indicating that the incorporation of Xe could
suppress the ionization of NHj. Ab initio molecular dynamics simulations reveal that (NHj3 ), Xe transforms from
a solid to a superionic, and finally to a fluid as the temperature increases. The superionic phase remains stable
in the pressure and temperature region that covers the extreme conditions of the layer outside the core of planets
such as Uranus, Neptune, Venus, and Earth. This suggests that (NH;3),Xe is a possible constituent of planetary
interiors. The current results provide theoretical evidence that Xe could be trapped inside planets during their
evolution and could help to update models of planetary interiors.
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I. INTRODUCTION

The noble gases are generally unreactive due to their stable
closed-shell electronic configuration. However, high pressure
can reorder the energy of the outer atomic orbital and modify
the chemical oxidation state to induce unexpected stoichiome-
tries. Authors of recent studies have identified chemical
reactivity in He and Xe at high pressure and the formation of
several unexpected compounds that are inaccessible at ambi-
ent conditions. Various van der Waals compounds including
H,0-He [1,2], NayHe [3], HeN4 [4], NH3-He [5,6], O-Xe
[7-14], H-Xe [15,16], and H,O-Xe [17] have been proposed
or confirmed to be energetically stable at high pressure. These
studies not only expand the chemistry of noble gas compounds
but also provide a theoretical guide for further searches of
compounds of noble gases at extreme conditions.

The noble gases, especially He and Xe, are abundant in
the atmospheres of icy planets such as [18-21], Earth [22],
Jupiter, and Venus [23-26], and they are generally not con-
sidered to remain in planetary interiors during their evolution
owing to their light atomic mass and chemical inertness [27].
Authors of many theoretical studies have considered whether
He or Xe could form compounds with components such as
NHj;, CHy, and H,O at high pressures and high tempera-
tures (HPHT) corresponding to the conditions inside planets
[7-16,28-30]. Recent theoretical works have illustrated that
He could be trapped in planetary interiors in the form of stable
compounds (H,O-He [1,2], NH3-He [5,6], and CH4-He [31]);
such findings contribute to the understanding and modeling
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of the formation and evolution of planets. Many constituents
of Earth have been proposed to react with Xe to form stable
compounds at extreme conditions, e.g., Xe-Fe/Ni [32], Xe-
FeO; [33], and Xe-SiO, [34]. Authors of these studies provide
essential information for explaining the missing Xe paradox
[35-37]. Additional experimenters have found that Xe can
react with water ice at 50 GPa and 1500 K to form Xe;O;2H;>,
which could possibly exist in the layer outside the core of
giant planets such as Uranus and Neptune [17]. However,
these results do not fully explain the formation, evolution, and
interior models of planets. Therefore, exploring the internal
components of planets is an important issue in high-pressure
condensed matter physics and geoscience.

In this paper, we report combined structure predictions
and first-principles calculations and the surprising finding that
Xe could react with NH3 at pressures >11 GPa to form an
unconventional compound (NH3),Xe, which transforms into
a superionic phase at high temperature. Interestingly, the sta-
ble pressure and temperature regions of superionic (NHj3 ), Xe
cover the extreme conditions corresponding to the interiors
of planets such as Uranus, Neptune [38], Jupiter, and Venus
[25,26]. These results reveal that the predicted compound
might be a constituent of the layer outside the core of these
planets. The current results aid the understanding of the inte-
rior models of these planets.

II. METHODS

The structural prediction for (NH3),Xe, (x = 1-3,y = 1-3)
systems at 50, 100, 200, and 300 GPa is by CALYPSO [39-41]
based on a global minimization of potential energy surfaces in
conjunction with ab initio total energy calculations. The CA-
LYPSO prediction method has successfully predicted various
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FIG. 1. (a) Convex hull of formation enthalpies (AH) of the NH;-Xe system with respect to decomposition into solid NH; and Xe at

selected pressures, defined as AH =

{H[(NH3).Xe,] - xH(NH;3) — yH (Xe)}/(x + y). (b) Calculated formation enthalpies of the P2,2,2, and

P4, structures as a function of pressure. The inset magnifies the crossover region corresponding to the phase transformation from the P2,2,2,
to the P4, structure. The calculations adopt the P2,3 structure at 0—10 GPa, P2,2,2; at 10-90 GPa, and Pma?2 at 90-300 GPa for NH; [62,63]

and the P63 /mmc and F m3m structures for Xe at 0-300 GPa [64].

systems under high pressure [42-51]. We performed structural
searches on each composition with maximum simulation cells
up to 4 f.u. Structural relaxations are done by using density
functional theory, as implemented in the Vienna Ab initio
Simulation Package (VASP) [52,53], adopting the Perdew-
Burke-Ernzerhof exchange-correlation functional under the
generalized gradient approximation [54,55]. All-electron pro-
jector augmented wave pseudopotentials with 2s>2p%, 1s',
and 5525 p6 valence configurations were chosen for N, H, and
Xe atoms, respectively [56]. A plane-wave cutoff energy of
1000 eV and k-point mesh of 27 x0.03 A~! ensure conver-
gences of total energy and forces better than 1 meV/atom
and 1 meV/A, respectively. The phonon dispersions of the
predicted structures were calculated using a finite displace-
ment method, as implemented in the PHONOPY code. Ab initio
molecular dynamics (AIMD) simulations explore the atomic
dynamical properties of (NHj3),Xe at a series of selected
pressures and temperatures. A supercell containing 144 atoms
is used, and the Brillouin zone is sampled at the I'" point.
Each simulation, running for 10 000 time steps of 1 fs, uses
the NVT ensemble applying a Nosé-Hoover thermostat [57]
with SMASS = 2. We also performed the AIMD calculations
by setting SMASS = 1 to check the accuracy, as shown in
Fig. S1 in the Supplemental Material (SM) [58], and ensuring
that the value of SMASS does not affect the final result.
After thermalization for 1 ps, we analyzed the exact data and
calculated the mean square displacement to clarify the atomic
thermal character. Crystal structures and electron localization
functions (ELFs) are plotted using VESTA software [59]. All
calculations for the formation enthalpies and enthalpy differ-
ences are considered the zero-point vibration energies and van
der Waals corrections with the DFT-D3 functional [60,61].

III. RESULTS AND DISCUSSION

To determine the thermodynamic stability of the NHj3-
Xe system, the convex hull depicts calculated formation
enthalpies for each composition at different pressures.
Figure 1(a) shows that a compound with a 2:1 ratio of NHj3

and Xe possesses a negative formation enthalpy at 50 GPa,
which becomes more negative as pressure increases to 100,
200, and 300 GPa. Figure 1(b) indicates that the onset pressure
of (NHj3),Xe becoming stable with respect to a mixture of
NHj; and Xe is as low as 11 GPa. At low pressure, (NHj3),Xe
adopts a P2;2,2; symmetry and is composed of isolated Xe
atoms and ammonia molecules. The ammonia molecules align
in two crossing planes forming face-sharing thombic prisms
parallel to the a axis (dotted lines), and the isolated Xe atoms
are located inside these prisms, as shown in Fig. 2(a). At
11 GPa, the N-H bond lengths in (NHj3 ), Xe are between 1.023
and 1.029 A, which is very close to that (1.022 to 1.03 A) in
pure crystalline NH3 [62], whereas the shortest N-Xe distance
is ~3.4 A. With increasing pressure, the P2;2,2; structure
becomes energetically unstable and transforms into the P4,
phase at 77.5 GPa via rearrangement of the NH3; molecules.
The P4 structure is still composed of NH3; molecules aligned
in two crossing planes and isolated Xe located inside the
rhombic prisms, as shown in Fig. 2(b). The only difference
between the two structures is the position and orientation of
the NH3 molecules on the crossing planes. Given the similar
arrangements of NHj in these structural configurations, their
energies are very close (<5 meV/atom) across the whole
range of pressures at which they are stable. The N-H bond
length in the P4, structure is ~1.01 A at 80 GPa. To examine
whether the P2,2,2; and P4, structures have the same Xe-
N sublattices, we have checked the two structures after the
removal of H atoms. In fact, although the two Xe-N sublattices
are geometrically similar, they have different symmetries with
slightly different Xe-N distances and N-Xe-N angles (Fig. S2
in the SM [58]). Therefore, the P2,2,2; and P4, structures are
two different crystal phases of (NH3),Xe at high pressure. In
addition, we also calculated the energy barriers corresponding
to the different rotation states based on the P2,2,2; structure
at the phase transition pressure of 80 GPa (Fig. S3 in the
SM [58]), and the maximum energy barrier of 40 meV /atom
is much higher than that (~10 meV/atom) in the orienta-
tionally disordered hexagonal close-packed phase of solid H;
[65]. Therefore, we deduced that NH3 cannot rotate freely in
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FIG. 2. Structures predicted for (NH3),Xe: (a) P2,2,2, at 11 GPa and (b) P4, at 80 GPa. Blue, white, and red atoms represent N, H, and
Xe atoms, respectively. The green dotted lines represent the planes on which the ammonia molecules are aligned.

(NH3),Xe. In addition, there is an energetically competitive
phase related to the P4, structure; it possesses Cc symmetry,
as shown in Fig. S4 in the SM [58]. The enthalpy of the Cc
phase is only ~1.5 meV/atom higher than that of the P4
phase across the whole pressure range (Fig. S5(a) in the SM
[58]), suggesting that this competitive structure could be a
potentially synthesizable metastable phase of (NH3),Xe. We
have also compared the energy differences of two structures
by performing structure optimization using the SCAN func-
tional [66,67]. As compared in Fig. S5(b) in the SM [58], the
use of the new functional does not change the relative stability
of the two structures; the only difference is that the energy
difference increases to a maximal 4 meV/atom. Table Sl
in the SM [58] summarizes the structural parameters of all
predicted phases.

The ELFs of (NHj3),Xe are calculated at 11, 80, 200, and
300 GPa to determine its chemical bonding characteristics
(Fig. S6 in the SM [58]). The ELFs show electrons localized
between the N and H atoms, revealing typical covalent bond-
ing in the NH3 molecules. However, the absence of electron
localization between Xe and NHj precludes covalent inter-
actions between them. The NH3 molecules in (NH3),Xe are
preserved at least up to 300 GPa, which is different from the
ionic behavior of NH; and NH3-He compounds composed of
(NH4)™ and (NH,)~ at >100 GPa [5,6,62]. This indicates that
the incorporation of Xe could inhibit the ionization of NHj3
at high pressure. Subsequent topological analysis of Bader
charges in (NHj3),Xe at selected pressures using the quantum
theory of atoms in molecules [68] is shown in Table S2 in the
SM [58]. At 11 GPa, two N atoms gain 2.33 electrons—2.29
from H atoms and 0.04 from Xe atoms—indicating weakly
ionic interaction between Xe and N atoms. This is like inter-
actions in H,O-He [1,2,69], He-Ny4 [4], NH3-He [5,6,69], and
FeO;He [70] systems, in which only 0.02-0.07 of an electron
is donated by each He atom. Surprisingly, the charge trans-
ferred to N from Xe increases with increasing pressure; the
0.13 of an electron donated at 200 GPa indicates considerable
ionic interaction between Xe and NHj. The increasing inter-
action between Xe and NH3 is further confirmed by Laplacian
charge density calculations [71], which show values between
Xe and NH3 increasing from 0 at 11 GPa to 3.05 at 200 GPa,

as shown in Table S3 in the SM [58]. We also calculated
the distance between the Xe and N atoms in the (NHj3),Xe
compound as a function of pressure, as shown in Fig. S7
in the SM [58]. The results show that the nearest distances
between the Xe and N decrease from ~2.98 A at 50 GPa to
2.50 A at 300 GPa, which induces the stronger interaction
between Xe and N atoms. This is consistent with the Bader
electron transformation and Laplacian charge density results.
The electronic band structures and density of states (DOS)
(Fig. S8 in the SM [58]) show that (NHj3),Xe is an insulator
with wide bandgaps of 5.66 and 5.97 eV at 11 and 80 GPa,
respectively. The absence of negative values of phonon disper-
sions in phonon dispersion calculations confirm the dynamical
stability of these (NH3),Xe phases in their stable pressure
ranges, as shown in Fig. SO in the SM [58].

Extensive AIMD calculations and calculated mean squared
displacement (MSD) for (NH3),Xe at 11-350 GPa and 100—
5000 K clarify its atomic dynamical properties at HPHT. It
is generally accepted that diffusion of none, at least one, and
all elements in a structure under certain extreme conditions
represent solid, superionic, and fluid phases, respectively. The
MSD and atomic trajectories of the P2;2,2; structure at
selected conditions (20 GPa@300 K, 20 GPa@500 K, and
34.3 GPa@3500 K) are depicted in Fig. 3. At 300 K and
20 GPa, the P2,2,2; phase maintains its crystalline config-
uration with diffusion coefficients of DN = DH = DX¢ = 0,
thus predicting (NH3),Xe to be solid at these conditions. As
the temperature increases to 500 K, N and Xe continue to
vibrate in their lattice positions with DN = DX® = 0, while
the H atom becomes diffusive with a diffusion coefficient of
DY = 1.48x107% cm? s~! [Fig. 3(b)], which reveals that the
predicted (NH3),Xe transforms from a solid to a superionic
phase. This character is broken, and a fluid state emerges
upon heating to 34.3 GPa@3500 K, and all atoms diffuse
D" =221x107* cm?s™!, DN = 1.19x10™* cm?s~!, and
DX¢ =1.19x1073 cm?s™'), as shown in Fig. 3(c). HPHT is
needed for (NH3),Xe to form the superionic and fluid phases:
for example, 800 K is needed at 103 GPa for the superionic
phase and 5200 K for the fluid phase at 124 GPa, as shown in
Figs. S10- S12 in the SM [58]. This is reasonable, as the inter-
action between Xe and NH3 becomes stronger with increasing
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FIG. 3. Calculated mean squared displacement (MSD; upper panel) and atomic trajectories (lower panel) of the atomic positions of the
P2,2,2; structure at (a) 20 GPa and 300 K, (b) 20 GPa and 500 K, and (c) 34.3 GPa and 3500 K.

pressure. We take the P4, structure as an example to examine
the structure change at high temperature at 100 GPa. In the
solid state temperature range of 0-500 K, we find that the Xe-
N sublattice has only small distortion with slightly changed
Xe-N distance and N-Xe-N angle (Fig. S13 in SM [58]). In
fact, turning on symmetry for the 500 K simulation leads to
the same Xe-N sublattice as in P4; at 0 K. As the temperature
further increases to the superionic region, the distortion of the
Xe-N sublattice becomes larger, and the symmetry of the Xe-
N sublattice is lowered to P1 at 3000 K. The broadened radial
distribution functions indicate the larger vibrating amplitude
of Xe and N atoms at 3000 K than those at 500 K; however, the
similar average Xe-N distance suggests the slight distortion of
the Xe-N sublattice at this high temperature (Fig. S14 in the
SM [58]). Our further analysis shows that the Xe-N sublattice
in the P2,22; structure keeps its P2;2,2; symmetry at high
temperature, which is very similar but different to that in the
P4, phase (Fig. S15 in the SM [58]). This indicates that the
P2,2,2; and P4, phases will transform into two different su-
perionic phases with the temperature increasing. In addition,
the temperature (5200 K at 124 GPa) needed for NHj3-Xe
to form the fluid phase is much higher than that (3100 K at
124 GPa) for NH3-He [5,6]; this is understandable, as Xe
interacts more strongly with NH; than He does, as deduced
from the increase in gained electrons.

Figure 4 shows the phase diagram of (NH3),Xe at HPHT
based on the AIMD results. It shows three main phase regions:
solid (blue area), superionic (dark yellow area), and fluid
(orange area). At low temperatures, the boundary (gray line)
between the P2;2,2; and P4, phases is determined by the
difference in Gibbs free energy calculated within the quasihar-
monic approximation. The superionic phase exists over broad
ranges of high temperatures: 400-3050 K at 11 GPa and 1000
to >5000 K at 350 GPa, which covers the extreme condi-
tions of the layer outside the core of planets such as Uranus,
Neptune, Venus, and Earth. This indicates that the predicted

superionic (NH3),Xe might be a possible constituent in the
layer outside the core of these planets. The region of fluid
(NH3),Xe (orange area) covers the extreme conditions inside
Jupiter, suggesting that the fluid state of the predicted com-
pound might be present in the interior of Jupiter. Therefore,
these predictions of (NHj),Xe could require models of the
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FIG. 4. Phase diagram of (NHj3),Xe at high pressures and high
temperatures (HPHT) corresponding to planetary interiors. Blue,
dark yellow, and orange areas represent solid, superionic, and fluid
states, respectively. Plotted points are conditions selected for en-
hanced ab initio molecular dynamics (AIMD) calculations: blue
squares, light blue diamonds, and purple triangles represent the
solid, superionic, and fluid phases, respectively. The gray line in the
blue area indicates the critical transition boundary between the solid
P2,2,2, phase and the P4, phase. The gray shaded area represents
the geothermal energy of the Earth [22], and the blue, green, brown,
and purple solid lines represent the isentropic lines of Neptune,
Uranus [72], Venus [73], and Jupiter [74], respectively.
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interiors of planets to be updated, as Xe could possibly have
been trapped in planets during their evolution. The current
results also provide important theoretical guidance for fur-
ther examination of other unconventional stoichiometries of
compounds containing C, H, O, and N in the interiors of icy
planets [75,76].

IV. CONCLUSIONS

In conclusion, combining structural prediction and first-
principles calculations, we systematically investigated the
NH;-Xe system at HPHT. Our prediction shows that
>11 GPa, Xe can react with NHj3 to form a stable compound
(NH3),Xe, which is energetically stable over a broad pressure
and temperature window. NH3 remains molecular in the com-
pound at least to 300 GPa, indicating that the incorporation of
Xe could suppress the decomposition of NH3. Further AIMD
calculations reveal that the predicted (NH3),Xe compound
exhibits superionic behavior in a region of its phase diagram
covering the interior conditions of planets such as Uranus,

Neptune, Jupiter, and Venus. These results reveal that the
(NH3),Xe compound might be a possible constituent of the
layer outside the core of these planets; they also provide es-
sential information for improving the interior models of these
planets.
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