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The core of the Earth consists mainly of iron and nickel, forming an iron-nickel alloy. At the same time, sulfur is one of
the potential candidates for the role of a light element in the inner core. To date, many theoretical studies have been
conducted by quantum chemical modeling to search for intermediate compositions and structures in systems such as Fe-C,
Fe-H, Fe-O, Fe-Si, Fe-S and Fe-P up to pressures of 400 GPa.

Despite extensive research on the iron-light element systems, to date no mineralogical model of the Earth's core has been
created that fully corresponds to the observed seismological data. A possible reason for this discrepancy may be
insufficient consideration of the influence of the core's key alloying element, nickel. Theoretical studies for the nickel-
light element system at high pressures have not been sufficiently carried out. Therefore, it is necessary to conduct more
in-depth studies of these binary systems in order to further study and identify possible intermediates in triple Fe-Ni-S

systems.
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INTRODUCTION

The Earth’s inner core growth is a key process for
understanding Earth’s evolution. This process is
inherently related to the crystallization properties of the
core’s constituents, primarily Fe, Ni, and some light
elements such as hydrogen (H), carbon (C), nitrogen (N),
oxygen (O), silicon (Si), phosphorus (P) and sulfur (S)
[1]. The article [2] provides evidence of the strong
influence of the second most common element of the
core, nickel (Ni), on the crystallization of iron (Fe) under
the influence of pressure from the inner core of the Earth.
It has been established that the presence of nickel can
stabilize the bcc phase and accelerate the process of iron
crystallization under pressure conditions characteristic of
the core. The results obtained indicate that nickel
alloying of iron can contribute to the joint existence of
the phases of bcc and gpu of the inner solid core. These
findings play an important role in understanding the
mechanisms of formation of the inner core and the
formation of its complex crystal structure.

In this regard, the behavior of sulfur in Fe-Ni alloys
has interested scientists, since both elements are poten-
tially important components of the Earth's core. Given
the above understanding of the behavior of Fe-S and Ni-
S compounds at high pressures characteristic of the
Earth's core, it is important to discuss and limit the prop-
erties of planetary nuclei.

The Fe-S system has been the subject of intensive re-
search, both experimental and theoretical. At atmosph-
eric pressure, the enriched part of the system, Fe, forms
only one intermediate compound, FeS [3]. When the
pressure increases, other intermediates are formed. For
example, FesS; is formed above 14 GPa [4], and Fe,S and

FesS are formed above 21 GPa [5]. To assess the phase
stability of Fe-rich sulfides at Earth's outer core condi-
tions, Fe-rich sulfide compositions were examined to
200 GPa and 3250 K using single-crystal and powder X-
ray diffraction techniques in a laser-heated diamond anvil
cell. At high temperatures between 120 and 200 GPa,
FesS; is synthesized in the NisAs,-type structure [6]. Also
Oka K. and others [7] examined pressure-induced phase
transitions in Fe,S based on high-pressure and high-tem-
perature X-ray diffraction measurements in a laser-
heated diamond-anvil cell. Fe;S is not stable at ambient
pressure but is known to form above 21 GPa with the
FesP-type (C22) structurePreviously, it was believed that
FesS sulfide is the most enriched Fe compound in the Fe—
S system and can contribute to the composition of the
Earth's inner core, with iron retention. However, recent
theoretical studies using evolutionary methods to predict
crystal structures show that thermodynamically stable
iron sulfides in the pressure range of 100-400 GPa are
Fe,S, FeS and FeS,, while FesS is unstable and decays
into Fe + Fe,S [8]. The work of Tateno and colleagues
[9] using DAC and laser heating methods confirmed that
Fe,S is the most enriched Fe sulfide above ~250 GPa,
while FesS is not stable, which corresponds to the results
of theoretical studies.

The Ni-S system has not been studied in as much de-
tail as Fe-S, due to the underestimated interest associated
with the relatively low Ni/Fe ratio in the cores of planets.
Numerous phases in the Ni-S system were detected at at-
mospheric pressure. Among them are NizSz, NizSe, NigSs,
NiS, NisS4 and vaesite NiS; [10].

At high pressures, data on the Ni—S system is limited.
Prewitt et al. [11] investigated NisS; at high pressures.
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Their experimental study revealed a phase transition to
an orthorhombic phase with Cmcm symmetry at 23 GPa
and 462 K. This result was later confirmed by theoretical
studies based on calculations based on first principles
[12]. In [13], calculations were performed in the pressure
range of ~0—24 GPa. The calculated crystal structures for
nickel sulfides showed that NiS, NisS;and NizS4 are sta-
ble at the studied pressure. It should be noted that theo-
retical data and calculations on the search for stable com-
positions and structures in the Ni-S system are
practically absent. Thus, it is important to conduct such a
study as was done for the Fe-S system [8, p. 1027] in
order to expand our knowledge about stable phases in the
Fe—Ni-S system at pressures of the core of the Earth and
other planets.

METHODS

The calculations of the electronic structure were
carried out within the density functional theory using the
VASP package [14].The exchange—correlation interacti-
on was taken into account in the generalized gradient
approximation (GGA) in the form of the Perdew—Burke—
Ernzerhof (PAW) functional.

The search for new stable crystal structures of nickel
borides, carbides, and nitrides were performed using evo-
lutionary algorithms implemented in the USPEX pack-
age [15].

For a more efficient search for crystal structures the
calculations were divided into two stages. At the first
stage, the search for stable intermediate stoichiometries
was carried out, which resulted in the construction of
thermodynamic convex hulls. In the second stage, a
search was performed for each fixed stoichiometry
represented on the convex hull.

The search for crystal structures was carried out at
100, 200, 300 and 400 GPa with a maximum number of
atoms in a cell equal to 32, in the case of calculating a
variable composition, and 1-4 formula units in a cell, in
the case of calculating a fixed composition. In the first
generation, 55 structures were randomly generated. 60%
of these structures with the lowest enthalpy were selected
after optimization and then used to generate the next
generation (35% of all structures of the next generation
were generated according to the heredity scheme, 20%
according to the atomic mutation scheme, 10% according
to the lattice permutation scheme and 35% randomly).

In all calculations for the search for crystal structures,
optimization was carried out within the framework of
density functional theory using the conjugate gradient
algorithm. The calculated parameters were as follows:
the cutting energy of plane waves is 400 eV; the density
of the Monkhorst-Pack k—point grid [16] is 0.5 A™;
electronic blurring is according to the Methfessel-Paxton
scheme [17]; smoothing parameter o = 0.2 eV. Further,
the most energetically advantageous structures were
optimized at different pressures with higher accuracy,
namely, the cutting energy was increased to 600 eV, the
density of k-points was 0.2 A~' and the smoothing
parameter c = 0.1 eV.

RESULTS

This article presents the results of calculations for the
search for crystal structures of nickel sulfides and their
relative stability at the pressure of the Earth's core.

Nickel in the range of 100-400 GPa under considera-
tion has only one stable modification (fcc structure). This
conclusion is consistent with the experimental results
[18]. In the case of sulfur, the B-Po (R-3m) type structure
was stable in our calculations over the entire pressure
range (Figure 2). This result is in agreement with the
works [19], and differs from what was obtained in the
works [20]. According to [21], at pressures above
280 GPa [28, p. 330] (330 GPa [19, p. 1600857]), the B-
Po type structure transforms into a simple cubic structure
(Pm-3m). We associate this transition with the insuffi-
cient accuracy of calculations [19, p. 1600857] and the
pseudo-potential used [18, p. 342]. At pressures above
350 GPa, the enthalpy difference between the R-3m and
Pm-3m structures decreases to 10 meV/atom, which is al-
most comparable to the accuracy of -calculations
(5 meV/atom). This difference can be compensated by
the temperature effect. Therefore, the possibility of the
existence of a simple cubic structure cannot be excluded.
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Figure 1. Enthalpy dependence on pressure of various sulfur
modifications

To assess the stability of intermediate compounds in
the Ni—S system at various pressures, «convex hull» dia-
grams were constructed in previous work [22]. The en-
thalpy of formation relative to elementary Ni and S was
calculated earlier for both predicted and known struc-
tures. A number of stable compounds have been identi-
fied in the pressure range under consideration.

As a result, the equilibrium compounds at 100 and
200 GPa are NisS, NisS, Ni,S and NiSs. With increasing
pressure, nickel-enriched compounds Ni1sS, Ni13S, Nii2S
and NisS are stabilized. Over the entire pressure range,
Ni14S has one modification characterized by C2/m sym-
metry. Ni14S-C2/m becomes stable with respect to the de-
cay reaction to NisS and 9Ni above 255 GPa (Figure 2a).
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Ni13S also does not undergo phase transitions in the pres-
sure range under consideration and has a structure with
R-3 symmetry. This sulfide is relative to the decomposi-
tion reaction of 9Ni13S = 8Ni14S + NisS above a pressure
of 274 GPa (Figure 2b).
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Figure 2. Decomposition into an isochemical mixture:
a) Dependence of the enthalpy of Ni1sS on the decomposition
reaction to NisS and Ni; b) Dependence of the enthalpy
of Ni13S on the decomposition reaction to Ni14S and NisS

Ni12S has an R-3 structure and becomes energetically
advantageous above 296 GPa with respect to the reaction
8Ni12S = 7Ni13S + NisS (Figure 3a). Ni,S stabilizes rela-
tive to the reaction 2NisS = NisS + NisS above 243 GPa
and has a P-1 structure (Figure 3b). With increasing pres-
sure, NiSz becomes unstable above 318 GPa and decays
into Ni,S and S (Figure 3c). NisS, NisS and Ni,S are sta-
ble over the entire pressure range of 100-400 GPa. Thus,
the following compounds are stable at 400 GPa: Ni1S,
Ni13s, Nilzs, Ni55, Ni4S, N|38 and N|2S

In the pressure range under consideration, NisS has
one C2/m modification, while NiS and NisS undergo one
phase transition. For Ni.S, the phase with Pmma symme-
try is stable at least above 100 GPa. At 272 GPa, Ni,S-
Pnma enters a phase with P-62m symmetry (Figure 4a).

For NisS, the phase with 1-4 symmetry is stable from at
least 100 to 330 GPa, and above this pressure it passes
into the phase with Cmcm symmetry (Figure 4b).
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Figure 3. Decomposition into an isochemical mixture:

a) Dependence of the enthalpy of Ni12S on the decomposition
reaction to Ni1sS and NisS; b) Dependence of the enthalpy
of NisS on the decomposition reaction to NisS and NisS;
c) Dependence of the enthalpy of NiSz on the decomposition
reaction to NizS and S
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Figure 4. Decomposition into an isochemical mixture:
a) Enthalpy dependence on pressure of Ni2S modifications
(all dependencies are shown relative to the enthalpy of
Ni2S-P-62m); b) Enthalpy dependence on pressure of NisS
modifications (all dependencies are shown relative to the
NisS-Cmcm enthalpy)

In addition to the predicted structures, we also exam-
ined experimentally synthesized structures NisSz, NizSe,
NigSs, NiS, NisSs and NiS; at atmospheric pressure.
Two known structures of a- and B-NiS were considered
for NiS. According to our calculations, in the pressure

O Ni

range from 100 to 400 GPa, the a-phase turned out to be
energetically more advantageous than the p-phase. Nev-
ertheless, a-NiS and all other experimentally known
compounds turned out to be thermodynamically unstable
in the pressure range under consideration.

Extensive studies of the structural and thermody-
namic properties of these compounds in a given pressure
range provide important information for understanding
their behavior under high pressure conditions, which may
be significant for geochemistry and physics of the Earth's
inner core.

The predicted Ni-S structures can be considered as
ordered solid solutions. Ni14S, Nii3S and Niy2S are char-
acterized by almost perfect fcc packing. A further increa-
se in the sulfur content leads to sufficient deformation of
the ideal fcc structure [22, p. 600].

The low-pressure phase of NisS-1-4 cannot be charac-
terized by the densest packing of atoms, like the previous
phases. This phase is isostructural NisP-1-4 (schreibersite
structure), and is characterized by the 9th S-Ni coordina-
tion, forming single-cap square antiprisms connected
along edges and faces (Figure 5).

Ni2S-Pnma sulfide is isostructured by Fe;S-Pnma.
It is characterized by a 10-fold S-Ni coordination (Figure
6). NiS-P-62m is isostructured by 6-Ag.Ga and is topo-
logically similar to Fe,P-barringerite.The structure is
characterized by 9-fold S-Ni coordination, forming SNis-
three-lobed trigonal prisms (Figure 7).

Sulfur-enriched nickel sulfide NiSs crystallizes in the
cubic space group Im-3m and consists of NiSg octahedra
connected by vertices and SNi.Ss distorted octahedra
connected by edges (Figure 8).

It is important to note that at pressures above
330 GPa, structures containing more than ~15% sulfur by
weight, such as Ni2S and NiSs, cannot be adequately de-
scribed by fcc packing. The results obtained suggest that
at pressures characteristic of the Earth's core, about 4%
of sulfur by weight can be dissolved in solid nickel with-
out deformation of the structure. At the same time, it can
be argued that the maximum amount of dissolved sulfur
in solid nickel is approximately 15% by weight. These
findings provide valuable information about the compo-
sition and structure of the Earth's inner core under high
pressure conditions.

S 3

Figure 5. Structure of NisS-1-4
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Figure 7. Structure of Ni2S-P-62m

We also performed first-principle calculations for the
Fe-S system, but did not identify any new stable com-
pounds. Our studies using evolutionary methods to pre-
dict crystal structures show that thermodynamically sta-
ble iron sulfides in the pressure range of 100-400 GPa
are the same Fe,S, FeS and FeS;. Despite the similar
chemical characteristics of Fe and Ni, the only known
stable sulfide enriched with iron under pressure condi-
tions in the Earth's core is Fe,S [8, p. 1029].

Figure 8. NiS3-Im-3m structure

CONCLUSION

In conclusion, the studies conducted on the Ni-S sys-
tem under extreme pressure conditions (100-400 GPa)
using the VASP software package and the USPEX algo-
rithm made it possible to identify stable crystal structures
and determine stability fields for various NixSy com-
pounds. The results indicate a wide variety of structural
changes and phase transitions depending on pressure.

Our calculations within the framework of density
functional theory and evolutionary algorithms showed
that in the pressure range of 100-400 GPa, Fe,S has only
one stable structure, which has the space group Pnma.

Ni2S undergoes one phase transition. The phase with
Pnma symmetry is stable above 100 GPa. At 272 GPa it
enters a phase with P-62m symmetry. At a pressure
similar to that in the inner core of the Earth (~365 GPa):
Fe,S-Pnma, FeS-Pnmn, FeS,-C2/m, Ni;S-P62m, NisS-
Cmcm, Ni4S-PT, Ni58-CZ/m, Ni128-R§, Ni138-R§, Ni14S-
C2/m.

Thus, it is important to conduct such a study as was
done for the Fe-S system [8, p. 1027] in order to expand
our knowledge about stable phases in the Fe—Ni-S sys-
tem at pressures of the core of the Earth and other planets.
These data will also have a significant impact on deter-
mining key areas for future research.

These results are important for a better understanding
of the composition and structure of the Earth's inner core,
especially in the context of nickel's influence on the for-
mation of stable compounds under extreme conditions.
The obtained data have an impact on our understanding
of geochemical processes in the Earth's crust and mantle,
and also provide a basis for further theoretical research
and experiments in the field of condensed matter physics.
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JKepaix s1pockl HETi3iHEH TeMip MEH HHUKENbJECH TYPaJbl, 0Jlap TeMip-HHUKEeJb KOPBITIACHIH Kypaiinsl. COHBIMEH KaTap,
KYKIPT iIIKi SAPOJAFsl )KEHUT 3JIEMEHT POJiHe dJIeyeTTi YMiTKepaepAiH Oipi 0onbin TaObuianel. ByTiHri KyHI KBaHTTHIK
XUMUSLTBIK MoJienibaey apkeiibl Fe-C, Fe-H, Fe-O, Fe-Si, Fe-S sxone Fe-P cusikTsl sxyiienep/aeri apaiblk Kypamaap MeH
kypeutbiMaapaet 400 I'Tla kpIckIMFa A€HiH 13/1€y YIIiH KOIITETeH TSOPHUSIIBIK 3epTTEYIIEp KYPTi3Ui.

Temip->keHUT 3IeMEeHTTep JKYHeaepiH KeHIHeH 3epTTeyTre KapamacTaH, OYTiHTi KyHre JIeiiiH OaKpUIaHATHIH CEHCMOIIOTHS -
JIBIK MOJIIMETTEPTre TOJIBIK COHKEC KEJIETiH JKep SAPOCHIHBIH MUHEPAJIOTHAJIBIK MOJIET skacaiMaraH. by anmrakTeIKTeIH
BIKTHMa ce6ebi SIpOHBIH HETi3Ti JIETHPIIEyIIi JIEMEeHTI — HUKENBIH dCepiH JKETKITIKCI3 ecenmke amy OO0Iysl MYMKIH.
JKoFapbl KbIChIM/1a HUKEIb-KESHIJ 2JIEMEHTTED )KYHECiHE TEOPUSUTBIK 3epTTeyJIep JKeTKiTikci3 xkyprizinmi. Conapikran Fe-
Ni-S yrurik *xyiienepinzeri BIKTUMAT apaiblK KOCBUIBICTAPIBI 9pi Kapail 3epTTey jKoHe aHBIKTAY MaKCAThIH/A OChI EeKiliK
XKYHenepre TepeHIpeK 3epTTeyiep Kyprizy KaxKeT.

Tyiiin ce30ep: meopusinvl ecenmeynep, Qazanvlk ayvicy, 1A3epiik Kbl30blpy, MYpakmvl MOOUDUKAYUS, HCOLAPbI
KblCHIMObL hu3uKa.
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Snpo 3emiin COCTOMT B OCHOBHOM M3 KeJie3a U HUKEJIS, 00pa3yroIuX JKelie30-HUKEIeBbId cIuiaB. B To xe BpeMs cepa
SIBIIICTCS OJTHMM U3 MOTCHIMANBHBIX KaHIUIATOB Ha POJIb JIETKOI'O 3JICMEHTa BO BHYTpeHHEM siipe. Ha ceromHsmHmiz
JICHb C TIOMOIIbI0 KBAHTOBO-XUMHUYECKOT'0 MOJISTUPOBAHHS ObLJIO IPOBECHO MHOKECTBO TEOPETUUECKUX UCCICIOBAHUI
IUTSL TIOMCKA MTPOMEKYTOUHBIX COCTABOB M CTPYKTYp B Takmx cucremax, kak Fe-C, Fe-H, Fe-O, Fe-Si, Fe-S u Fe-P 1o
nmasiennit 400 I'Tla.

HecMoTpss Ha OOIIMpHBIE HCCICIOBAHUS CHUCTEM JKENIE30-JICTKHE OSJIEMEHTHI, Ha CErOAHSIIHMNA [EHb HE CO3[aHa
MUHEPAIOTHYECcKas MOJICTb spa 3eMIIH, KOTOpasi TIOJIHOCThI0 COOTBETCTBOBANIA Obl HAOIIOJAEMBIM CEHCMOIOTHYECKUM
JAHHBIM. BOSMO)KHOﬁ HpH‘-IPIHOﬁ 3TOTrO paCXO)K[[eHI/IH MOIXET 6bITb He[[OCTaTO‘-IHI:Iﬁ y‘-ICT BJIIUAHHA KIIFOUYCBOI'O nernpylo-
IIETO 3JIEMEHTa spa — HUKeJsL. TeopeTHuecKre UCCIeIOBaHUs CHCTEMbI HUKETb-JICTKUE 3JIEMEHTHI ITPH BHICOKUX JIaBJIe-
HUSIX OBUIM MPOBECHBI HeocTaTouHO. ClieIoBaTeIbHO, HEOOXO0IUMO MIPOBECTH 00JIee YIIyOICHHBIC HCCIICIOBAHUS ITHX
6I/IHapHI)IX CUCTEM C LCIBHO HaﬂbHeﬁIﬂeFO I/I3y‘-I€HI/I$I n I/I}ICHTI/I(bI/IKaHI/II/I BO3MOXHBIX HpOMe)KyTO‘-IHI)IX COC}II/IHeHI/Iﬁ B
TpoitHbIX cucteMax Fe-Ni-S.

Knrouesvie cnosa: meopemuueckue pacuemsl, pazosviii nepexoo, na3epHvill Hazpes, CmaduibHas MoOudurayus, Qusuka
8bICOK020 0a8IeHUs.
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