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Existence of solid Na—Xe compounds at the extreme conditions of Earth’s interior
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Previous studies have suggested that high pressure may induce chemical activity in noble gases (He and Xe),
resulting in the emergence of high-pressure compounds containing these elements. By using first-principles
theory and crystal structural prediction methods, we propose that six unconventional stoichiometries, namely,
Na,Xe, NaXe, Na,Xes, NaXe,, NaXes, and NaXe,, can be stabilized at pressures ranging from 48 to 400 GPa,
which is the highest pressure considered in this study. All the predicted Xe-containing compounds exhibit
metallic properties with strong ionic Na—Xe bonds. Further ab initio molecular dynamics simulations show that
NaXe, NaXes, and NaXe4 remain in the solid state under extreme conditions, such as those present in the Earth’s
mantle, at pressures up to 135 GPa and temperatures up to 5000 K. This suggests that Na—Xe compounds might
be possible constituents inside the Earth’s mantle. These findings not only enhance our understanding of the
Earth’s interior, but also provide insights into Xe chemistry.
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I. INTRODUCTION

Pressure is one of the most effective factors to design novel
materials [1-3]. In recent years, many functional materials
have been predicted to form under high-pressure conditions,
but they can be synthesized and applied at ambient conditions.
[4-6]. This strategy works mainly because pressure can redis-
tribute the valence electrons and bonding pattern and reorder
the energies of out atomic orbitals, which induce the new
chemical valence states of elements at high pressure, and thus
provide the possibility of emergence for the novel materials.
These high-pressure materials always exhibit extraordinary
properties, making them potential functional materials, such
as superconductors [7—15] and photovoltaic materials [16,17].
Furthermore, the interiors of planets, which serve as a natural
environment of high pressure and high temperature (HPHT),
offer a fertile ground for the development of innovative ma-
terials. For example, Mao et al. found the novel maohokite,
which is one of the main kinds of minerals that can exist in the
interior of the Earth [18]. Therefore, research on condensed
matter under high pressure has become an increasingly im-
portant topic, with implications not only for materials science
but also for geoscience.

Recently, combining density function theory and structural
prediction methods, scientists have made significant strides
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in material design and planetary understanding. In 2018, Li
et al. proposed an effective route through He incorporation
to design the high-energy density material from polymerized
nitrogen under high pressure [19]. Ab initio molecular dy-
namical (AIMD) simulations and machine learning molecular
dynamical simulations have provided strong evidence that
superionic or liquid H,O [20-25], NH3; [26-28], NH3-H,0
[29,30], NH3-He [31,32], CHs—He [33], and H,O-He [5,34]
could exist inside icy planets, and some of these findings
(such as H,O, NHj, and NH3;-H,0O) are consistent with
experimental results [35-38]. These findings have provided
significant implications for our comprehension of planetary
interiors. Typically, the noble gas Xe exhibits no chemical
reactivity under ambient conditions, and previous research
predicted that the interior of the Earth might be viewed as a big
Xe reservoir. Therefore, the search for novel Xe-containing
compounds under high pressure has become a hot topic in
the planetary science and high-pressure physics. Owing to
advancements in computational power and structural predic-
tion methods, numerous Xe-containing compounds have been
predicted or synthesized under extreme conditions, such as
Xe-Fe/Ni [39-41], Xe-FeO, [42], Xe-Mg [43], Xe-N [44],
Xe—Cl [45,46], Xe-O [47-51], Xe-F [52], Xe-H,O [53], and
NH;—Xe [54]. These unconventional compounds might act
as potential constituents that exist inside the inner of the
Earth and provide essential information to understand the
“missing Xe paradox.” Although recent studies have shown
that stable compounds can be formed from xenon and alkali
metals (Li [55], Cs [56], Na [57], K [57], Rb [57]) under high
pressure, extensive investigation into the structure and stable
stoichiometries of Xe and Na under high pressure remains
crucial to understand the structural models of Earth’s interior,
given the complex environment, diverse element ratios, and
sixth abundant element of Na inside the Earth interior.
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In this study, we conducted a systematic structure search on
the Na—Xe system under high pressure. Our calculations re-
veal that six chemical stoichiometries, namely, Na, Xe, NaXe,
Na,Xes, NaXe,, NaXes, and NaXey, have negative formation
enthalpies and locate on the convex hull at high pressure,
indicating their stability and potential for experimental syn-
thesis. Compared with previous study [57], we propose three
unconventional chemical stoichiometries of Na,Xe, Na,Xes,
and NaXe, to be stable under higher pressures. All the pre-
dicted Xe-containing compounds exhibit metallic properties
with strong ionic Na—Xe bonds. Further AIMD simulations
have revealed that these three compounds exhibit solid char-
acteristics at high temperatures, corresponding to the extreme
conditions of the Earth’s mantle layer, suggesting that they
might be possible constituents inside the Earth. These find-
ings provide crucial insights into Xe chemistry as well as the
interior models of the Earth.

II. COMPUTATIONAL DETAILS

The structure predictions for the Na—Xe system were per-
formed by using the particle swarm optimization algorithm
as implemented in the CALYPSO code [58-61]. CALYPSO is
based on a global minimization of free-energy surfaces, de-
signed for searching for a stable structure that is unbiased
by any known structural information, and has successfully
been used on various known systems, ranging from elements
[62] to binary [63—-65] and ternary [10,66] compounds. The
total energy of the structure was calculated in the frame-
work of density functional theory as implemented in the
VASP code [67,68], adopting the Perdew-Burke-Ernzerhof [69]
parametrization under generalized gradient approximation
[70,71]. All-electron projector augmented wave pseudopoten-
tials with 2p°3s! and 5s25p°® valence electrons were chosen
for the Na and Xe atoms, respectively. We employed a plane-
wave cutoff energy of 1000 eV and a dense Monkhorst-Pack
Brillouin zone integration grid with a resolution of 2w X
0.02 A~'. The phonon calculations were performed for all
structures by using a supercell method as implemented in the
PHONOPY code [72]. AIMD was performed in the canonical
ensemble applying the Nosé-Hoover thermostat [73] com-
bined with a supercell method (250 atoms for NaXe, 256
atoms for NaXes, and 240 atoms for NaXe,) with the I" point
for the Brillouin zone sampling to determine the dynamical
properties at high temperatures. Each simulation consists of
10 000 time steps with a time step of 1 fs. The crystal struc-
tures and electron localization function (ELF) were plotted
using the VESTA software [74].

III. RESULTS AND DISCUSSION

We extensively predicted the structural stability of Na—
Xe systems (Xe ~ 1-4, Na ~ 1-4) at pressures of 50, 100,
200, 300, and 400 GPa with maximum atoms in searching
for a cell up to 40 atoms for each selected composition.
We selected at least 10 lowest potential structures from all
of the valid structures, which is more than 2000 for each
strategy. After performing accurate optimization for the se-
lected candidates, we calculated the formation enthalpies for
each stoichiometry based on the decomposition of solid Na

and Xe. Our calculations employed various phases of Xe,
including the Fm3m and P63/mmc phases [75], and multi-
ple phases of Na, including the Im3m, Fm3m, I43d, Pnma,
t119, and P63/mmc phases [76], at pressures ranging from
0 to 400 GPa. The formation enthalpy is defined as AH =
[H(Na,Xe,) —xH(Na) — yH (Xe)]/(x + y) and depicted in the
convex hull, as shown in Fig. 1(a). At 50 GPa, a particular
NaXe stoichiometry exhibits a negative formation enthalpy
and is found on the convex hull, indicating energetic stability
at this pressure. As pressure increases to 100 and 200 GPa, in
addition to NaXe, two unconventional stoichiometries, NaXe;
and NaXey, appear on the convex hull. When the pressure is
raised to 300 GPa, NaXe4 becomes unstable and NaXe, and
a Na-rich compound Na,Xe become energetically favorable,
while the stability of Na,Xes; requires an even higher pressure
of 400 GPa. In addition, at compositions very close to the
convex hull, such as Nas;Xe, at 400 GPa, we calculated its
enthalpy difference relative to NaXe and Na,Xe, which is
approximately 5 meV/atom, indicating that NaszXe, might
be a possible metastable phase of the Na—Xe system at this
condition.

To determine the stable pressure ranges for the six pre-
dicted compositions of the Na—Xe system, we calculated their
formation enthalpies with respect to all stable decompositions
as a function of pressure. The phase diagram is determined
and depicted in Fig. 1(b). At pressure below 100 GPa, there
are three compositions, i.e., NaXe, NaXe;, and NaXey, that
are energetically stable, which is consistent with previous
theoretical work [57]. The NaXe compound becomes stable
at about 48 GPa with a large range of stable regions and
remains stable up to 400 GPa, the maximum pressure that
we considered. The NaXe exhibits a well-known CsCl-type
structural configuration with a symmetry of Pm3m. Both Xe
and Na are eight coordinated in this phase and the distance
between them is about 2.82 A at 50 GPa, as shown in Fig. 2(a).
NaXes is stable in the pressure range from 71 GPa and up to
400 GPa, and with the symmetry of Cmcm. This structure can
be viewed as a CalrOs-type (“post-perovskite”) structure with
each Na atom coordinated by eight Xe atoms, which can be
obtained by removing the small cation Ir and replacing Ca
with Na, and O with Xe, as shown in Fig. 2(b). NaXe4 has
a monoclinic C2/m structure and is stable in the range of 87
to 261 GPa. This structure has a layered configuration, with
the Xe and Na atoms arranged approximately in straight lines
along the a and ¢ axes, respectively [Fig. 2(c)].

At higher pressures, three unconventional stoichiometries,
i.e., NayXe, NaXe,, and Na,Xes, are predicted to be stable.
The compound Na,Xe, which is rich in sodium, becomes sta-
ble at 224 GPa and exhibits Imma symmetry. Its configuration
consists of two similar layers, as illustrated in Fig. 2(d). The
two layers have comparable configurations, resembling zigzag
chains of Xe atoms, while the Na atoms are arranged roughly
in a straight line. NaXe, becomes stable at about 298 GPa
with I4/m symmetry [Fig. 2(e)]. The NaXe, has a very in-
teresting configuration, which consists of alternating Xe and
Na layers with the Xe-Xe distance of 2.64 A and Xe-Na
distance of 2.36 A at 300 GPa. When pressure increases to
337 GPa, Na,;Xe3; becomes stable and retains its stability up
to 400 GPa. The Na,Xe3; has P4/mbm symmetry and consists
of two layers. One layer comprises four Xe atoms, while the
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FIG. 1. Phase stabilities of Na—Xe compounds. (a) Calculated enthalpies of Na—Xe compounds with respect to the decomposition of Xe
and Na at high pressures. Solid triangles, diamonds, hexagons, circles, and squares represent the stable structures. (b) Stable pressure ranges

for Na,Xe, NaXe, Na,Xe;, NaXe,, NaXes, and NaXe, compounds.

other one contains five Xe atoms and four Na atoms, with
five Xe atoms located in the vertexes and center of the lattice
and four Na atoms filling in the interspace between the Xe
atoms [Fig. 2(f)]. The Xe—Xe, Na—Xe, and Na—Na distances
are about 2.66 A, 2.32 A, and 3.09 A at 340 GPa, respectively.
We also calculated the nearest Na—Xe distances of all the
predicted Na—Xe compounds as a function of pressure, as
shown in Fig. S1 in the Supplemental Material (SM) [77].
We observe a noticeable decrease in the distance between Na
and Xe as the pressure increases, indicating a strengthening
interaction between Na and Xe. For instance, in the NaXe
compound, the Na—Xe bond length is approximately 2.82 A
at 50 GPa and around 2.35 A at 400 GPa.

(b)

The absence of negative phonon dispersions of all the
predicted compounds (Fig. S2 in the SM [77]) ensured their
dynamical stabilities, and the electronic band structures and
density of states (DOS) (Fig. S3 in the SM [77]) indicate
that they all exhibit metallic properties. The DOS show that
the Fermi levels are mainly occupied by the electrons from
Na atoms for the Pm3m-NaXe and Imma—Na,Xe, while the
almost equal contribution for Na and Xe atoms is obtained
for the other four compounds, as shown in Fig. S3 in the SM
[77]. To clarify the bond character between the Xe and Na
atoms, we perform Bader charge transfer calculations and find
that ~0.58—0.72 electrons transfer from Na atom to Xe atoms,
which indicates that strong ionic bonds are formed between

FIG. 2. Crystal structure of (a) NaXe with space group Pm3m at 50 GPa, (b) Cmcm phase of NaXes at 80 GPa, (c) C2/m structure of
NaXe4 at 90 GPa, (d) /mma phase of Na,Xe at 230 GPa, (e) /4/m structure of NaXe, at 300 GPa, and (f) P4/mbm phase of Na,Xe; at
340 GPa. The blue and yellow spheres represent the Xe and Na atoms, respectively.
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FIG. 3. The calculated mean-squared displacement (MSD) and atomic trajectories (inset) for (a) Pm3m-NaXe phase at 65 GPa and 2500 K,
(b) Cmcm—NaXe; phase at 100 GPa and 5000 K, and (c) C2/m—NaXe, phase at 110 GPa and 5000 K.

the Xe and Na atoms in these six predicted compounds (Table
S1 and Fig. S4 in the SM [77]). This can be also confirmed
by the DOS of predicted compounds with strong coupling of
Na—Xe near the Fermi level. Actually, previous study shows
that the He atom in Na,He can obtain about 0.15 electrons
[78], which is much smaller than that (about 1.17 electrons)
in our predicted Na,Xe. This is reasonable, as the chemical
properties of Xe are more reactive than those of He, and it is
easier to obtain electrons. We also calculated the Bader charge
transformation between the Na and Xe atoms in the predicted
compounds as a function of pressure, as shown in Fig. S4 in
the SM [77] . As pressure increases, there is a slight reduction
in the number of electrons lost by each Na atom in the Na—Xe
compounds. The structural parameters of all the structures are
summarized in Table S2 in the SM [77] .

The stable pressure ranges of the predicted Na—Xe com-
pounds, i.e., NaXe (~48-400 GPa), NaXe; (~71-400 GPa),
and NaXe, (~87-261 GPa), match the extreme pressure con-
ditions (~0-135 GPa) of the upper mantle of the Earth.
Therefore, we performed a series of AIMD calculations for
these compounds at 50-135 GPa and 300-5000 K to ex-
amine their atomic dynamically properties. The calculated
mean-squared displacement (MSD) and atomic trajectories of
the Pm3m-NaXe, Cmcm—NaXes, and C 2/m—NaXe, at dif-
ferent pressures and temperatures are depicted in Fig. 3, and
Figs. S5-S7 in the SM [77]. It is obvious that all the atoms
in the Pm3m-NaXe vibrate at their equilibrium positions
with diffusion coefficients of zero at 65 GPa and 2500 K,
which corresponds to the geotherm of the Earth, as shown in
Fig. 3(a). This reveals that the Pm3m-NaXe phase exhibits
a solid state at this condition. As temperature increases, the
Pm3m—-NaXe phase retains its solid character with all atoms
not diffusive even at 5000 K (Fig. S5 in the SM [77]). This
is mainly caused by the strong ionic Na—Xe bond, making the
Na—Xe configuration difficult to destroy. This phenomenon is
also observed in the Cmcm—NaXe; and C2/m—NaXe, com-
pounds at high temperatures, as shown in Figs. 3(b) and 3(c),
and in Figs. S6 and S7 in the SM [77]. We also calculated
the radial distribution functions (RDFs) of Na-Xe in NaXe,
NaXes;, and NaXe, at different pressures and temperatures to
show their solid character, as shown in Fig. S8 in the SM
[77] . The RDFs reveal that at temperatures of 2000 and
5000 K, the amplitude of the Na—Xe RDFs occurs nearly at
the same positions. The only difference lies in the slightly
broader peak width at higher temperatures due to enhanced

atomic vibrations near the equilibrium positions. Therefore,
the Pm3m—NaXe, Cmcm—NaXes, and C2/m-NaXey always
maintain solid characteristics in the stable pressure ranges and
high-temperature conditions up to 5000 K.

We also examine the phase diagram of the Pm3m—NaXe,
Cmcm-NaXes, and C2/m—NaXey at high pressures and high
temperatures by comparing their Gibbs free energies (using
quasiharmonic approximation to account for the temperature
effects on the compounds) with individual Na and Xe, as
well as all other Na—Xe compounds at different pressures
and temperatures, as shown in Fig. 4. The white lines in
the phase diagram represent the critical boundaries of the
predicted compounds in the Na—Xe system, while the blue line
represents the geotherm of the Earth. It is obvious that Pm3m—
NaXe, Cmcm-NaXes, and C2/m—NaXe, are stable near the
Earth’s geotherm and exhibit solid character (red solid points
in Fig. 4) based on the AIMD simulations, which reveal that
the solid Na—Xe compounds might be possible constituents
at the Earth’s mantle. Therefore, the predictions of the Na—
Xe system could not only update the models of the Earth’s
interiors, but also provide strong evidence that Xe might be
present in the Earth interior in the form of compounds. More-
over, Si, Mg, and Ca elements are also abundant in the inner
Earth; therefore, there is a high possibility that Xe could react

5000 —n  p— g
NaXe,
4000
_ Xe+Na NaXe
5 NaXe,
E 3000
g D
2
g 2oy Earth Geother™ - "NaXe
= NaXe
NaXe S
1000 NaXe,

00 15 30 45 60 75 90 105 120 135
Pressure (GPa)

FIG. 4. Phase diagram of NaXe, NaXe;, and NaXe, at high
pressures and high temperatures, which corresponds to the extreme
conditions of the inner Earth. The red squares represent the solid
character and the white solid lines represent the phase boundaries of
different compounds.
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with them at high pressures to form new compounds, which
deserves further investigation.

IV. CONCLUSIONS

In conclusion, we have performed extensive simulations on
the structural prediction and phase stabilities of the Na—Xe
system at high pressure, and proposed six unconventional
stoichiometries, i.e., Na,Xe, NaXe, Na,Xes, NaXe,, NaXes,
and NaXey, that could stabilize in a large pressure range
from 48 to 400 GPa. All the predicted Xe-containing com-
pounds exhibit metallic properties with strong ionic Na—Xe
bonds. Further ab initio molecular dynamics calculations
show that the predicted Pm3m-NaXe, Cmcm—NaXes;, and
C2/m-NaXe, compounds remain in the solid state at the
extreme condition with the pressure up to 135 GPa and
temperature up to 5000 K, corresponding to the extreme

conditions of Earth’s interior, which indicates that the Na—
Xe compounds might be possible constituents in the mantle
of the Earth. These results could not only provide essential
information for understanding the interior of the Earth, but
also provide strong evidence that Xe might be present in the
Earth interior in the form of compounds.
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