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Stability of XeK4 compound under extreme conditions
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Noble gas elements exhibit chemical reactivity under high pressure, forming novel compounds through
reactions with other substances, which has become a recent focus in condensed matter physics research. By
combining first-principles calculations with crystal structure prediction methods, we propose six unconventional
Xe-K compounds under high pressure, namely Xe4K, Xe3K, Xe3K2, Xe2K, XeK, and XeK4. In addition to
previously proposed Xe-rich compounds, we introduce an unconventional K-rich compound, XeK4, which
remains stable over a considerable pressure range from 49 to 104 GPa and a high-pressure phase of Xe3K.
Both XeK4 and Xe3K demonstrate metallic properties with a strong ionic Xe-K bond within their stable pressure
range. Further ab initio molecular dynamics simulations indicate that XeK4 undergoes a solid-to-liquid transition
with increasing temperature, while the other Xe-K compounds maintain solid-state characteristics. The solid or
liquid stability pressure ranges of Xe-K compounds cover the pressure and temperature conditions of the Earth’s
mantle, suggesting that XeK4 and other Xe-K compounds might act as possible constitutes and exist in the
Earth’s mantle. These results could provide essential information for understanding the Xe-K compounds and
the Xe chemistry at high pressure.
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I. INTRODUCTION

The investigation of materials under extreme conditions
has emerged as a prominent frontier in contemporary research,
offering profound insights into the fundamental properties
and behaviors of substances [1,2]. Among these, noble gases,
traditionally known for their inert nature under standard
conditions, have garnered increasing attention due to their
intriguing reactivity and novel compound formations under
high-pressure environments [3–7]. Particularly, xenon (Xe),
with its unique electron configuration and versatile bond-
ing capabilities, has become a focal point in the exploration
of high-pressure chemistry [3,8–11]. In recent years, ad-
vancements in experimental techniques and computational
methodologies have enabled researchers to delve into the
realm of Xe-containing compounds under extreme pressures
[12–16]. This burgeoning field not only sheds light on the fun-
damental principles governing chemical bonding and phase
transitions but also holds significant implications for diverse
areas including materials science, geophysics, and planetary
science.

Research has found that under extreme high-temperature
and high-pressure conditions, Xe can exhibit chemical re-
activity and form unconventional compounds that do not
exist at ambient conditions through reactions with various
substances. As early as 1962, scientists synthesized the first
Xe-containing compound, XePtF6, in the laboratory [17],
followed by a series of Xe compounds proposed either ex-
perimentally or theoretically. The formation mechanisms of
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these Xe-containing compounds involve a broad range of
substances that react with Xe, which can be categorized
into several aspects. First, Xe can form van der Waals com-
pounds with inert elements or quasi-inert molecules under
high pressure, such as Xe-Ar [15,16] and Xe-NH3 [3]. On
the other hand, Xe can react with certain molecules to form
compounds, such as Xe(O2)2 [18,19], Xe2O5 and Xe3O2

[20], Xe4O12H12 [9], 4Xe · 24H2O [21], Xe-O [22,23], and
Xe(H2)7 [24]. Additionally, recent studies have shown that
Xe can react with minerals within the Earth’s interior, lead-
ing to the formation of novel Xe-containing minerals under
extreme conditions within the Earth, such as XeFe/Ni [25],
Xe-Na [26,27], Xe2FeO2 [8], Xe-Mg [11], and XeSiO2 [28].
These discovered Xe-containing minerals provide important
theoretical explanations for the missing Xe paradox and ex-
pand the chemistry of noble gas compounds. Hofman et al.
estimated that the continental crust contains about 37% of the
total K present in the silicate Earth [29]. Subsequently, Fe-K
compounds were studied to explain the potassium-containing
Earth’s core [30]. A recent theoretical study proposes that Xe
and K can form compounds under high-pressure conditions
[13]. But these compounds are predominantly Xe-rich com-
pounds. Considering the abundant presence of K in the Earth’s
interior, it remains a crucial research question to investigate
whether Xe and K can form K-rich compounds under extreme
conditions within the Earth’s interior.

In this paper, combining structure predictions and first-
principles calculations, we predict the formation of a K-
rich compound, XeK4, and another high-pressure phase of
C2/m-Xe3K. The predicted C2/c-XeK4 is stable in a large
pressure range from 49 to 104 GPa. Both of C2/m-Xe3K
and C2/c-XeK4 exhibit metallic properties with strong ionic
K-Xe bonds. Further ab initio molecular dynamics (AIMD)
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FIG. 1. (a) Convex hull of XexKy compounds at 50, 100, and 150 GPa. Solid circles, squares, and triangles represent the stable structures,
while the open ones represent the unstable structures. (b) The enthalpy differences of XeK4 with respect to Xe and XeK as a function of
pressure. (c) Stable pressure ranges of predicted Xe-K compounds.

simulations reveal that C2/c-XeK4 will transform into a liq-
uid phase while other Xe-K compounds maintain their solid
properties at the extreme conditions of the upper mantle of
the Earth, suggesting that they might be possible constituents
inside the Earth. These findings provide crucial insights into
Xe chemistry as well as the interior models of the Earth.

II. COMPUTATIONAL DETAILS

The structure predictions for the Xe-K system were per-
formed by using the particle swarm optimization algorithm as
implemented in the CALYPSO code [31–34]. The CALYPSO is
based on a global minimization of free-energy surfaces, de-
signed for searching stable structures unbiased by any known
structural information, and has successfully been used on var-
ious known systems, ranging from elementary to binary and
ternary compounds [35–40]. The total energies of the struc-
tures were calculated in the framework of density functional
theory as implemented in the VASP code [41,42], adopting the
Perdew-Burke-Ernzerhof [43] parametrization under the gen-
eralized gradient approximation. Projector augmented-wave
pseudopotentials with 5s25p6 and 3s23p64s1 valence con-
figurations were chosen for Xe and K atoms, respectively.
The plane-wave kinetic energy cutoff was set to 600 eV
and Monkhorst-Pack k-point meshes with a reciprocal space
resolution of 2π × 0.02 Å−1 to ensure an excellent conver-
gence of total energies and forces better than 1 meV/atom
and 1 meV/Å, respectively. The phonon calculations were
performed with the PHONOPY code using a finite-displacement
approach [44,45]. AIMD calculations were performed in the
canonical (NV T ) ensemble applying a Nosé-Hoover thermo-
stat [46] combined with a supercell method (216 atoms for
Xe2K, 250 atoms for Xe3K2, 250 atoms for XeK, and 240
atoms for XeK4) with only the � point for the Brillouin
zone sampling to determine the dynamic properties at high
temperatures. Each simulation consists of 10 000 time steps
with a time step of 1 fs. The crystal structures were plotted
using VESTA software [47].

III. RESULTS AND DISCUSSION

We perform the systematical crystal structure searches on
the stoichiometries of XexKy (x/y = 0.25, 1/3, 0.5, 0.6, 2/3,

1, 1.5) at pressures of 50, 100, and 150 GPa with maximum
searching cells up to 4 formula units (f.u.) for each selected
composition. Then we calculate about ten lowest different
potential structures from all of the valid candidates which
is at least 2000 for each strategy to find the potential stable
stoichiometries of XexKy. Figure 1(a) shows the formation
enthalpy convex hulls of all considered compositions with
respect to the decomposition into Xe and K. We can clearly
observe, at 50 GPa, that for the Xe-rich region, the formation
enthalpies of Xe4K, Xe2K, and XeK lie on the convex hull,
indicating the thermodynamic stability of these compounds
at this pressure. As pressure increases, Xe3K2 and Xe3K
successively appear on the convex hull at 100 and 150 GPa,
respectively, indicating that pressure induces the stability of
these two compounds. This is consistent with the previously
proposed theoretical Xe-K compounds under high pressure
[13]. In addition to the above results, we discover an inter-
esting stoichiometry in the K-rich region, XeK4. Its formation
enthalpy appears on the convex hull at 50 and 100 GPa, but
not at 150 GPa, suggesting that the thermodynamic stability
range of this stoichiometry lies within this pressure range. We
calculate the relative enthalpies of XeK4 with respect to pure
XeK and Xe as a function of pressure, as shown in Fig. 1(b),
and find that the predicted XeK4 is stable in a larger range
of pressure from 49 to 104 GPa. In addition, we also predict
a high-pressure phase of Xe3K, and the relative enthalpies
show that this structure becomes stable when pressure is above
100.4 GPa, as shown in Fig. S1 in the Supplemental Material
(SM) [48].

XeK4 exhibits a layered crystal structure, wherein K atoms
arrange in an alternating pattern, forming two layers of K
atoms, while Xe atoms reside between these two K atom
layers. The structure adopts a C2/c crystal symmetry, as il-
lustrated in Fig. 2. The shortest distance between K-K atoms
in XeK4 at 50 GPa is 2.55 Å, while the minimum distances
between Xe-K and Xe-Xe atoms are 2.84 and 4.46 Å, respec-
tively, at the same pressure. The phonon dispersion relation
of XeK4 at 50 GPa demonstrates the absence of imaginary
frequencies across the entire Brillouin zone, indicating its
dynamical stability. Electronic band structures and density of
states reveal the metallic property of XeK4, with the Fermi
level predominantly occupied by electrons from K atoms. We
calculated the Bader electron transition (Table S1 in the SM),
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FIG. 2. The crystal structures of the two Xe-K compounds:
(a) The C2/c phase of XeK4 at 50 GPa and (b) the C2/m phase of
Xe3K at 100.4 GPa. The blue and purple spheres represent the Xe
and K atoms, respectively.

electron localization function (ELF) (Fig. S2 in the SM), and
Laplacian charge density of the predicted Xe-K compounds
at selected pressures (Table S2 in the SM) to determine the
electronic properties of the Xe-K compounds. We found that
all Xe-K compounds exhibit typical ionic properties. For in-
stance, each K atom in XeK4 at 50 GPa loses 0.19 electrons,
while the Xe atom gains a total of 0.76 electrons. The Lapla-
cian charge density between Xe and K ranges from 2.18 to
2.83, indicating strong ionic bonds in Xe-K. The ELF also
confirms these findings by its relatively localized electronic
band structure in the Fig. 3. These results are consistent with
the ionic properties observed in Xe-Na compounds under
high pressure [26,27]. However, in the Na-rich system of the
Na9Xe compound, localized electrons are observed in the
lattice interstices, indicating electride properties due to Xe’s
inability to fully accept the electrons lost from Na [27]. Given

FIG. 3. Phonon dispersion relations and phonon density of states
(PHDOS) for (a) XeK4 (C2/c) at 50 GPa and (b) Xe3K (C2/m) at
100.4 GPa. Band structures and projected density of states (DOS) of
(c) XeK4 (C2/c) at 50 GPa and (d) Xe3K (C2/m) at 100.4 GPa. The
dashed lines represent the Fermi levels.

the similarities between Xe-Na and Xe-K alloys, we predict
that K-rich systems may also exhibit electride properties. We
also examine possible synthesis pathways for XeK4 under the
extreme conditions. We found that K4Fe [30] and XeO [22]
are stable at high pressure within the extreme condition of the
Earth’s interior, and when mixed together at high pressure,
they can react to form the energetically more stable XeK4.

Previous theoretical studies suggested that Xe3K exhibits
P4/mmm symmetry under pressures exceeding 100 GPa [13],
whereas our predictions indicate that C2/m-Xe3K is energet-
ically more stable, as depicted in Fig. S3 in the SM. Enthalpy
differences as a function of pressure show that Xe3K stabilizes
when pressure is above 100.4 GPa, with its crystal structure
also displaying layered characteristics. Electronic properties
confirm Xe3K as a metal. At 100.4 GPa, each K atom in Xe3K
loses 0.12 electrons, while each Xe atom gains 0.37 electrons,
elucidating the ionic bonding features of Xe-K. The detailed
structural information of C2/c-XeK4 and C2/m-Xe3K is sum-
marized in Table S3 in the SM. The structural configurations,
phonon dispersions, and electronic properties of XeK, Xe3K2,
and Xe2K are also summarized in Figs. S4 and S5 in the
SM. The stabilities of all the predicted Xe-K compounds are
summarized in Fig. 1(c). The stable pressure range of XeK4

(49–104 GPa) coincides precisely with that of the Earth’s
mantle (0–135 GPa), so then we conduct systematic AIMD to
elucidate its atomic dynamical behavior at different pressures
and temperatures. The mean-squared displacement (MSD)
and atomic trajectories of XeK4 are summarized in Figs. 4
and S6. It is obvious that the XeK4 exhibits a solid charac-
ter at relatively lower temperatures, as all of the Xe and K
atoms in the XeK4 vibrate at their equilibrium positions at
temperature of below 2000 K under 64.0 GPa, causing their
diffusion coefficient to equal zero, as shown in Fig. 4(a).
As the temperature increases up to 2000 K, the ionic bonds
are broken and the entire crystalline lattice melts and XeK4

becomes a liquid, as evidenced by a linearly increasing MSD
[Fig. 4(b)], indicating the transition of XeK4 from a solid to
a liquid phase. It should be noted that the heat-until-it-melts
(HUM) approach [50] often overestimates the melting tem-
perature of materials. Similar phenomena are observed under
different pressures of 95.9 and 127.6 GPa, as illustrated in
Fig. S6. This can also be confirmed by the calculated the radial
distribution functions (RDFs) of Xe-K in XeK4 at different
pressures and temperatures, as shown in Fig. S7 in the SM. We
also calculated the Gibbs free energy for all Xe-K compounds
within the stable pressure and temperature ranges of XeK4 us-
ing the quasiharmonic approximation. Combining the AIMD
results, we determined the phase diagram of XeK4, as shown
in Fig. 4(c). The red circles in the phase diagram represent
solid XeK4, while the blue squares represent molten XeK4,
and the orange region represents the Earth’s geotherm [49].
Through the phase diagram of XeK4, we determined that solid
XeK4 can remain stable over a relatively large temperature
and pressure range [light pink area in Fig. 4(c)]. In contrast, in
the blue areas on either side of the phase diagram, the Gibbs
free-energy calculations show that solid XeK4 is not stable
and will decompose into other Xe-K compounds. We roughly
estimated the melting curve of XeK4 under high temperature
and high pressure, which is shown as a black dashed line in
the phase diagram, although it might be overestimated. XeK4
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FIG. 4. The calculated mean-squared displacement (MSD) and inserted atomic trajectories for XeK4 (C2/c) (a) at a pressure of 64.0 GPa
and a temperature of 1700 K, and (b) at a pressure of 69.3 GPa and a temperature of 2100 K. (c) The phase diagram of XeK4 under the extreme
conditions similar to those of the inner Earth. The red circles represent solid XeK4, while the blue squares represent molten XeK4. The black
dashed line represents the melting curve of XeK4 and the orange region represents the Earth’s geotherm [49].

will transform into a liquid phase at high temperatures, which
are highlighted in yellow in the phase diagram. The HUM
simulations of other materials, such as Na [50], Na-Xe [26],
and SiO2He [5], suggest that their melting temperatures are
much higher than that of XeK4, but they would eventually
melt at sufficiently high temperatures.

We also examine the atomic dynamical behavior of XeK,
Xe3K2, and Xe2K at different pressures and temperatures, as
shown in Fig. S8 in the SM. At lower temperatures, XeK,
Xe3K2, and Xe2K exhibit similar atomic dynamical behav-
ior to XeK4, with all Xe and K atoms vibrating near their
lattice positions, revealing a solid phase. However, at higher
temperatures (up to 4000 K), AIMD simulations reveal dis-
tinct behavior compared to XeK4: These compounds do not
transition to a liquid phase but rather remain as a solid. This
phenomenon primarily arises from the presence of a greater
number of Xe atoms in their crystal structures, wherein the
larger atomic mass and the interactions between Xe and K
hinder diffusion.

IV. CONCLUSIONS

In conclusion, we propose six unconventional Xe-K com-
pounds under high pressure, namely Xe4K, Xe3K, Xe3K2,
Xe2K, XeK, and XeK4. In addition to previously proposed
Xe-rich compounds, a unconventional K-rich compound,

XeK4, is stable over a wide pressure range from 49 to
104 GPa and a high-pressure phase of Xe3K. XeK4 demon-
strates metallic properties with a strong ionic Xe-K bond,
and both XeK4 and Xe3K are dynamically stable within
their stable pressure ranges. Further AIMD simulations in-
dicate that XeK4 undergoes a solid-to-liquid transition with
increasing temperature, while the other Xe-K compounds re-
main solid. The solid-state stability pressure ranges of all
Xe-K compounds encompass the geotherm of the Earth’s
mantle, implying that XeK4 and other Xe-K compounds could
potentially serve as constituents in the solid phase and ex-
ist within the Earth’s mantle. These results could not only
provide essential information for understanding the Earth’s
interior but also make contributions to the Xe chemistry.
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