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Stable compounds comprising nitrogen, sulfur, and hydrogen elements hold significant promise in hydride
superconductors and astrophysical matter. Herein, we utilize a blend of structure prediction techniques and

first-principles calculations to comprehensively explore the N-H-S system. We present the discovery of two
ionic compounds, NH4S and NH,4S,, characterized by similar NH, configurations but distinct arrangements of
sulfur atoms. As the sulfur content increases, we observe a transition in the bonding pattern of sulfur-sulfur
interactions from S, dimers to S, units. Furthermore, the electron transfer from NHy to each S unit escalates
from 1.04 e (NH4S) to 1.24 e (NH4S,). Through ab initio molecular dynamics simulations, we unveil a sequence
of phase transitions encompassing solid, superionic, and liquid phases for both compounds. Notably, the
high-pressure and high-temperature phase diagrams reveal that only the superionic phase of NH4S corresponds
to the extreme conditions found in the interior of the Earth. Moreover, the liquid regions of both compounds
encompass the isentropic lines of Neptune, Uranus, and Jupiter. These results could provide essential information
for understanding the N-H-S system at high pressure and the formation models of the planets.
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I. INTRODUCTION

The application of pressure provides a potent avenue for
exploring uncharted phase space and uncovering intricate
structures, as it can significantly reduce interatomic dis-
tances and reorder the energies of outer atomic orbitals [1,2].
Through the elucidation of compound formation, construction
of phase diagrams, and scrutiny of exotic properties, these
compounds play pivotal roles in various fields, including su-
perconductors [3-7], high-energy density materials [8—10],
photovoltaic materials [11], as well as exhibiting the adiabatic
property [12] and exotic matter states relevant to astrophysi-
cal objects [13-23]. Consequently, high-pressure compounds
showcasing phenomena and applications have garnered con-
siderable attention in condensed matter physics.

The N-H-S system remains a focal point of research
due to its distinct physical and chemical behaviors (such as
superconducting [24] and planetary mineral [25,26]), cou-
pled with its abundance in interiors of planets [27,28].
Researchers investigate the N-H-S system primarily to search
for high-temperature superconducting materials. Notably, the
discovery of high-T; superconductors has been achieved in
the H-S binary system [29,30], inspiring subsequent in-
vestigations into systems such as La-H [4,31] and Hf-H
[32,33], consistently pushing the boundaries of superconduct-
ing transition temperatures [34,35]. Li et al. [24] investigated
the pseudobinary system H,S-NHj3, demonstrating diverse
electrical properties and predicting several stable phases as
potential superconductors with 7, up to 50 K. On the other
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hand, investigations into the N-H-S system aim mainly to
elucidate models of planetary composition and astronomical
phenomena. Within the N-H binary system, NH3, a tradi-
tional component of icy matter, has garnered attention for
its behavior under high pressure and temperature. Authors of
early studies identified an ionic crystal comprising (NH,)™
and (NHy)" under pressure [36]. Subsequent researchers even
detected proton diffusion in hot dense ammonia through
experimental and ab initio molecular dynamics (AIMD) sim-
ulations, suggesting the presence of NH3 within planets [37].
Furthermore, researchers have indicated the presence of po-
tential chromophoric compounds in the N-H-S system, which
typically exhibit vibrant colors [25]. NH4SH and (NH4),S
have been proposed as constituents of chromophores [26],
given that N, S, and H are primary elements in known
chromophores. However, current research data on the stable
structures, stoichiometry, and phase diagrams of the N-H-S
system under high temperature and high pressure conditions
are still insufficient. Thus, investigating the structure and sta-
ble stoichiometries of the ternary N-H-S system under high
pressure remains a pressing topic in both condensed matter
physics and astrophysics.

In this paper, we systematically investigate the phase sta-
bility of ternary N-H-S systems under high-pressure and
high-temperature (HPHT) conditions. We propose that two
polysulfides, NH4S and NH4S,, become energetically sta-
ble at pressures exceeding 3 GPa. Further calculations show
that, with the increase in sulfur content, the bonding mode
of sulfur-sulfur interactions transitions from S, dimers to S4
units. Additionally, the electron transfer from NH4 to each S
unit increases from 1.04 e in NH4S to 1.24 ¢ in NH4S,. AIMD
simulations demonstrate that temperature induces transitions
from solid state to superionic state and ultimately to liquid
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FIG. 1. The ternary phase diagram of N-H-S at (a) 20 GPa, (b) 50 GPa, and (c) 100 GPa. The cyan rhombuses in the phase diagrams
represent thermodynamically stable phases, while the open squares indicate thermodynamically unstable phases. The points indicated by
brown arrows represent the stable compounds proposed in this paper, while the points indicated by black arrows represent the stable compounds

proposed in previous work.

phases. These findings provide reliable theoretical informa-
tion for understanding the structure, electronic properties, and
dynamic properties of the N-H-S system at high pressure.

II. METHODS

Extensive structure searches on various compositions in the
N-H-S system were performed at 20, 50, 100, and 150 GPa.
Crystalline structures employ structural prediction up to 4 f.u.
using the particle-swarm optimization algorithm (CALYPSO)
[38—41]. CALYPSO is one of the most efficient methods for
structural prediction and has successfully predicted stable
or metastable ground-state structures for various systems at
high pressure [4,5,29,42,43]. The following structure relax-
ations and electronic properties are calculated using density
functional theory implemented in VASP code [44,45]. The
exchange-correlation potential is adopted with the gener-
alized gradient approximation (GGA) [45] in the form of
the Perdew-Burke-Ernzerhof (PBE) [46] functional. Projector
augmented-wave pseudopotentials with valence electrons of
2522p3, 1s', and 35?3 p* were chosen for N, H, and S, respec-
tively. The Monkhorst-Pack k points with a grid density of
27 x 0.02 A~! were chosen to make a total energy conver-
gence of better than 1 meV per atom. The cutoff energy for the
expansion of the wave function in the plane-wave basis was
set to 1000 eV. The phonon calculations were performed for
all structures by using a supercell method as implemented in
PHONOPY code [47]. AIMD molecular dynamical simulations
were performed in the canonical (NVT) ensemble applying
a Nosé-Hoover thermostat [48] combined with a supercell
method (288 atoms for NH4S and 224 atoms for NH4S,) with
only the I" point for the Brillouin zone sampling to determine
the dynamical properties at high temperatures. Each simula-
tion consists of 10 000 time steps with a time step of 1 fs.
The crystal structures and electron localization function (ELF)
were plotted using VESTA software [49].

III. RESULTS AND DISCUSSIONS

The formation enthalpies of the predicted N-H-S stoi-
chiometries with respect to the decompositions at selected

pressures are summarized in the Fig. 1. The cyan rhombuses
in the phase diagrams represent thermodynamically stable
phases, while the open squares indicate thermodynamically
unstable phases. At 20 GPa, in addition to previous pro-
posed NHsS and N4H4S, we predict two unconventional
stoichiometries of the N-H-S system, NH4S and NH4S,,
which are energetically stable [Fig. 1(a)]. As the pressure
increases to 50 GPa, NH4S, becomes unstable, while NH4S
remains stable and retains its stability up to 100 GPa. The
formation enthalpies of all the compositions are calculated at
150 GPa and reveal no stable compounds under this condition.
The stable pressure ranges are determined by calculating the
enthalpy differences of the predicted stoichiometries relative
to all possible decomposition pathways, including all stable
phases of the elemental; binary N-H, S-H, and S—-N systems;
as well as the N-S—H systems, as a function of pressure.
The results are summarized in Fig. 2(a). We determined the
structural phase transition sequences of previous proposed
compositions (NHsS, NoHgSs, NH4S,, NoHgS, and N4H4S),
which are in good agreement with previous studies [24]. Re-
garding the other compounds, NH4S remains stable in the
Pba? crystal over a wide range from 3 to 116 GPa, and NH4S;
exhibits stability between 3 and 26 GPa in a form of the
Cc phase. Discussions will be focused on NH4S and NH4S;
because they are unreported stoichiometries.

Pba2-NH4S consists of alternating layers of ionic NHy
and S; dimers [Fig. 2(b)], where the NH, unit is commonly
found in several phases of NH3 [50] and NH3-He compounds
[18,23], and the S, dimer is a prevalent configuration in sul-
fides such as La-S [51] and Ba-S [52] systems, and they play
an important role in the stability of the structure. In the sulfur
layers, each S, dimer has a bond length of 2.11 A at 50 GPa
and does not change when the pressure varies (Fig. SI in
the Supplemental Material (SM) [53]), where the presence
of covalent bonding is clearly evidenced by the ELF at this
pressure, as shown in Fig. S2 in the SM [53]. Within the NH,4
layers, the N-H bond lengths remain ~1.04 A as pressure
increases from 20 to 100 GPa (Fig. S1 in the SM [53]),
resembling the covalent N—H bond length (1.01 A) in NH;
at 50 GPa. Interestingly, the NH, unit remains stable at a sig-
nificantly lower pressure of 3 GPa, in contrast with 50 GPa in
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FIG. 2. (a) Phase diagram under high pressure. Colored bars indicate stability of predicted unconventional compounds. Gray bars show
the known compounds investigated in a previous study. (b) and (c) Structural configurations of Pba2-NH,S and Cc-NH4S,. Upper and lower
panels of (b) show side and top views. Blue, pink, and yellow spheres represent N, H, and S atoms, respectively.

N-H compounds [50] and >100 GPa in NH3;—He compounds
[18,23]. This suggests that the incorporation of sulfur favors
the formation and stability of the NHy unit. Further Bader
charge calculations show that the S, dimer in the NH,4S acts
as an anion, with each S, dimer receiving 1.04 e from NHy,
thereby forming a strong ionic bond that ensures the stability
of the structure, as shown in Table S1 in the SM [53]. The
absence of negative phonon dispersion in Pba2-NH4S in the
pressure range from O to 116 GPa indicates its dynamical sta-
bility (Fig. S3 in the SM [53]). The electronic band structure
and density of states (DOS) indicate that Pba2-NH4S is an
indirect semiconductor with band gap of 1.49 eV at 50 GPa
(Fig. S5 in the SM [53]). The projected DOS of NHy cations
and S, dimers below the Fermi level shows a similar trend of
change, indicating a significant interaction between them.
NH4S; has Cc symmetry and becomes stable at 3 GPa
but quickly becomes energetically unfavorable with respect
to NH4S and S at ~26 GPa. Compared with the Pba2-NH4S
structure, Cc-NH4S, exhibits an alternate arrangement of lay-
ered structures with identical NH, units but a distinct sulfur
arrangement [Fig. 2(c)]. The increased sulfur content causes
the NHy units to shift outward, forming a framework of
differentiated NH, layers. Meanwhile, the dense structural
configuration causes the S, dimers to polymerize into S4
chains for NH4S,, with S-S distances varying from 2.04 to
2.06 A, forming covalent bonds at 20 GPa (Fig. S2 in the
SM [53]). The S-S distance in S; chains and N-H bond
lengths in the NH,4 unit remain at 2.06 and 1.04 A at higher
pressures, as shown in Fig. S1 in the SM [53]. Authors of
previous studies have revealed several structural configuration
for sulfur in S-containing materials other than S, dimers, such
as ring S4 [54] and V-shaped S;3 [52]. However, in Cc-NH4S,,
there exists a previously unreported chain structure composed
of S4 units. Bader charge analysis shows that each S4 chain
accepts 1.24 e from two NHy units in NH4S, (Table S1 in the
SM [53]). NH4S; is confirmed to be dynamically stable across
the entire pressure range from 3 to 26 GPa, as indicated by the
phonon dispersion without imaginary frequencies. However, it
becomes unstable below this pressure, as shown in Fig. S4 in
the SM [53], indicating that it cannot be quenched to ambient
conditions. Further electronic property studies reveal a band
gap of 1.16 eV at 20 GPa and a relatively strong interaction

between NH, cations and S4 anions. This is derived from the
relatively large charge transfer from NHy to S atoms, allowing
more S electrons to occupy the valence band and enhancing
the S contribution to the DOS in the Brillouin zone (Fig. S5 in
the SM [53]). The structural information of the two predicted
compounds is summarized in Table S2 in the SM [53].

To ascertain the atomic behavior characteristics of the pre-
dicted compounds NH4S and NH4S, at HPHT, we conducted
AIMD over a wide range of pressures and temperatures. The
calculated mean square displacements (MSDs) of individual
atoms in the compounds at various temperatures are summa-
rized in Fig. 3. It is obvious that the MSDs of N, S, and H
atoms in Pba2-NH,4S are a horizontal line with their diffu-
sion coefficients of DN = D" = DS = 0 at 20.2 GPa and
300 K, indicating that Pba2-NH4S exhibits a solid character
at this condition. This can also be confirmed by the atomic
trajectories at this condition, as shown in Fig. S6 in the SM
[53], which shows that all the atoms of N, S, and H in the
Pba2-NH,4S structure vibrate around their equilibrium posi-
tions. As the temperature increases to 600 K, the MSD of
the H atoms in NH4S exhibits a linear increase trend, indi-
cating the initiation of H-atom diffusion with DY = 1.27 x
107> cm?s~! at this temperature, while the N and S atoms
continue to undergo minor vibrations at their lattice equilib-
rium positions with DN = DS = 0 [Fig. 3(b)], suggesting the
transition of NH4S to a superionic state at this temperature.
When the temperature rises to 1600 K, the MSDs of all
atoms in Pba2-NH,S increase linearly with time [Fig. 3(c)].
However, the MSD of H atoms increases significantly more
than N and S atoms, owing to the relatively smaller atomic
mass of H than N and S. This indicates that, at this tempera-
ture, Pba2-NH,4S transforms from the superionic state to the
liquid phase, accompanied by diffusion coefficients of D =
6.54 x 107*cm?s~ !, DN =D5=1.99 x 10~* cm?s~!. In the
meantime, we record the radial distribution functions of N-H,
N-S, and S—H in predicted compounds shown in Fig. S7 in the
SM [53]. The lower amplitude as the temperature increases
indicates the distortion of their sublattice. Further analysis
reveals that, at ~1200 K, Pba2-NH,4S converts to a superionic
phase at 55.6 GPa, and the critical transition temperature from
superionic to liquid increases to 2500 K at 63.5 GPa (Fig. S8
in the SM [53]). As the temperature increases, Cc-NH4S,
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FIG. 3. Atomic behavior in Pba2-NH4S and Cc-NH,4S, from ab initio molecular dynamics (AIMD) simulations at different pressures and
temperatures. (a)—(c) Calculated mean square displacements (MSDs) at 20.2, 21.3, and 26.7 GPa and different temperatures for Pba2-NH,S.
(d)—(f) MSDs at 10.8, 11.7, and 12.6 GPa and different temperatures for Cc-NH4S,.

will undergo the same phase transition trend as NH4S (solid-
superionic-liquid). For example, at ~10 GPa, Cc-NH4S, will
undergo phase transitions from solid to superionic and from
superionic to liquid at 400 and 1300 K, respectively, as shown

in Figs. 3(d)-3(f) and Fig. S9 in the SM [53].

Based on the temperature-induced atomic dynamics of
NH4S and NH4S,, we have constructed phase diagrams for
these compounds under HPHT conditions, as illustrated in
Fig. 4. The phase diagrams for both structures are divided

into three regions by two black dashed lines. At relatively
lower temperatures, NH4S and NH,4S, exist in the solid phase.
With increasing temperature, they transition into a superi-
onic phase. The critical transition temperatures are ~500 K

at 20 GPa and 750 K at 100 GPa for NH4S, which are

slightly higher than those for NH4S, (~200 K at all pressure
ranges). Both compounds exhibit superionic behavior over a
significant region of the phase diagram (peach region). At
temperatures of 1300 K at 20 GPa and 2500 K at 100 GPa,
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FIG. 4. (a) and (b) Phase diagrams for NH4S and NH,4S, at high pressure and high temperature (HPHT), respectively. yellow, peach, and
blue regions represent the solid, superionic, and liquid regions, respectively; red, magenta, and purple points represent solid, superionic, and
liquid states, respectively. The thick blue thick line represents the geotherm of the Earth [55]; blue, green, and purple lines represent the
isentropic lines of Neptune, Uranus [56], and Jupiter [57], respectively.
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NH,4S transitions into a liquid phase (light blue region) where
all atoms are diffusive. In contrast, NH4S, transitions to the
liquid phase at ~1200 K across all pressure ranges.

By comparing the stability regions of different phases of
these compounds with the extreme conditions found in plane-
tary interiors, we observe the geotherm of the Earth across the
superionic region of NH4S and the liquid region of NH4S,.
This indicates that NH4S might be in a superionic state, while
NH4S, might be in a liquid phase within the interior of the
Earth. Given the higher-pressure and temperature conditions
in the interiors of Neptune, Uranus, and Jupiter, both NH4S
and NH,4S, are expected to exhibit liquid behavior. These
findings provide critical insights into the composition and
formation models of planets.

IV. CONCLUSIONS

In conclusion, combining structural prediction and first-
principles calculations, we identify two unconventional stoi-
chiometries of NH4S and NH4S; in the N-H-S system that
are stable at high pressure. Both compounds consist of ionic
NH4 and S units, exhibiting strong ionic character due to

the larger electrons transition. The phonon dispersions reveal
they are dynamically stable with no imaginary frequency in
whole Brillouin zones, and the electronic band structures con-
firm their semiconductor character. AIMD simulations reveal
that the two compounds will follow the state transition of
solid-superionic-liquid phases with increasing temperature.
The HPHT phase diagram shows that NH4S would be in a
superionic state within the interior of the Earth, while both
compounds would be in a liquid phase within the interiors of
Neptune, Uranus, and Jupiter. These results not only expand
the family of N-H-S compounds, but they also contribute to
models of the structures and evolution of planetary interiors.
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