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Abstract

A sequence of pressure-induced phase transitions of vaesite, NiS,, with pyrite structure, has
been established from static LDA calculations. A dozen AX, candidate structures have been
studied at high pressures including cotunnite («-PbCl,), which is commonly observed in other
AXj, compounds at high pressures. At 150 GPa, vaesite transforms to a tetragonal phase

(P4, /n) rather than cotunnite. This tetragonal structure is characterized by layers of Ni atoms
in eight-fold coordination with S atoms rather than the nine-fold coordination observed in
cotunnite. With further compression to about 7.5 Mbar, the tetragonal phase transforms into a
hexagonal AlB,-type structure (P6/mmm) which is characterized by planar hexagonal layers
of S intercalated by Ni atoms where each Ni atom is 12-fold coordinated by S atoms.
Calculated band structures and valence electron density maps show S—S and Ni—S bonded
interactions for NiS; under these extremely compressed conditions. The tetragonal phase may

have geophysical implications if present in the Earth’s core.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Vaesite, NiS,, adopts the pyrite structure at ambient conditions
and has been intensively studied over the past half century for
its complex spin dynamics at low temperatures (e.g. [1-4]) and
its insulator to metal transition induced either by pressure or
by substituting S by Se (e.g. [5-8]). As shown in figure 1,
NiS, is a paramagnetic charge transfer insulator at ambient
conditions [9]. Upon cooling, it undergoes two consecutive
magnetic transitions at 40 K (7y;) and 30 K (7n»), respectively.
Neutron scattering experiments [1-3] have shown that a type-
I antiferromagnetic (AF) state (spin aligned ferromagnetically
within (001) plane, but antiferromagnetically ordered in
consecutive planes) develops below Tyj, and that below Ty»
both type-II AF state (spin aligned ferromagnetically within
(111) plane, but antiferromagnetically ordered in consecutive
planes) and a weak ferromagnetism coexist with the type-
I AF state. Two types of symmetry-breaking patterns have
been identified: one from cubic to tetragonal and the other
from cubic to hexagonal. A spin chirality mechanism has
been proposed to interpret the complex coexisting magnetic
states with the accompanying lattice distortions, but needs
to be confirmed by experiments [4]. At ambient conditions,
the electronic structure of NiS, has been measured by
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x-ray photo emission [9-11], and near-infrared and Raman
studies have been reported [12, 13]. When compressed to
higher pressures, NiS, displays an insulator to metal transition
between 2 and 4 GPa [6] with a positive Clapeyron slope
(figure 1). This insulator—metal transition can also be achieved
by substitution of Se for S for which 10% Se substituted
for S is equivalent to an approximately 1 GPa increase in
pressure [6, 7]. The low-temperature AF metallic state ceases
at ~7 GPa (see two black dots on P axis in figure 1, one at
7 GPa reported from [6] and the other at 7.6 GPa being the
most recent measurement [ 14]). The crystal structure evolution
with pressure close to the insulator—metal transition point
was also measured by single crystal x-ray diffraction (XRD)
below 6 GPa [15]. A few DFT studies [16-22] have been
reported for NiS; at ambient pressure. Among them, two GGA
studies [17, 20] agree well with experiments in equilibrium
lattice constant, but the nonmagnetic state obtained from
GGA contradicts the AF insulating state determined from
experiments at low temperatures. To the best of our knowledge,
no experimental or theoretical studies have been reported on
NiS, above 10 GPa.

Here we present the first ultrahigh pressure calculations
of NiS,. We report the sequence of phase transitions, and the

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. A tentative low-temperature and high-pressure phase
diagram for NiS,. All low pressure experimental data on
insulator—metal transition are taken from [6] except the point

(7.5 GPa, 0 K, from [14]) which ceases the AFM state. The phase
diagram for the insulator—metal transition in Ni(S, Se), system
from [7, 67] was referred. A log scale is used above 100 GPa (P:
paramagnetic, AF: antiferromagnetic, WF: weak ferromagnetic, M:
metal, I: insulator, hex: hexagonal).

effect of pressure on crystal structures and the valence electron
density distributions of the stable high-pressure polymorphs.
In addition, we compare the high-pressure behavior of NiS,
with that of other AX,; compounds. Over the past two
decades, pressure-induced phase transitions have been well
established for groups of AX, compositions (see reviews
in [23] and [24]). For example with increasing pressure,
TiO, (group IVB dioxide) transforms from a rutile structure
(P4, /mnm) to the «-PbO, structure (Pbcn) to the baddeleyite
structure (Eul,-type, P2;/c) to an orthorhombic-I structure
(Srlp-type, Pbca) and finally to the cotunnite (x-PbCly)
structure (Pnma), while ZrO, and HfO, follow a similar route
from baddeleyite to Pbca to Pnma (e.g. [25]). Group IVA
oxides, such as SiO, and GeO,, transform from the rutile
structure to the CaCl, structure (Pnnm) to the a-PbO,
structure to the pyrite structure (Pa-3), as demonstrated by
experimental studies [26, 27], and finally to the cotunnite
structure, as predicted by DFT calculations [28, 29]. Most
cubic fluorite-type AF, compounds (A = Ca, Cd, Sr, Ba, Mn,
Pb, and Eu) have been shown to transform to the cotunnite
(a-PbCl,) structure under high pressures [23]. The cotunnite
structure is also observed as a high-pressure phase in actinide
dioxides like UO, and ThO, [30] which at ambient pressure
crystallize in the fluorite structure. Other compounds like
CaCl,, however, behave differently upon compression. It
transforms to cotunnite, successively through «-PbO,, Eul,,
and Srl, type phases. In all transitions described above, the
coordination number of A gradually increases, reaching nine-
fold coordination with surrounding X atoms in the cotunnite
structure. Nonetheless, in some compounds, the cotunnite
structure is found to transform with increasing pressure to
other structures, such as the monoclinic P2;/a structure in
PbCl, and SnCl; [31] and the inverse NiyIn-type (P63/mmc)
hexagonal structure in Na, S [32], BaF, [33] and BaH; [34, 35].

It is clear from the above that many AX, compounds with
widely varying compositions transform to a cotunnite structure
with increasing pressure. This study, which is one of the
few theoretical studies [36] of an AS, compound subjected to
extreme pressure, explores whether a cotunnite structure also
exists in NiS, or whether it undergoes a different structural
evolution with pressure.

2. Method

We investigated the stability of NiS, in a number of
candidate crystal structures (such as those described above)
at high pressures using density functional theory (DFT) [37].
This study mainly uses Ceperley—Alder LDA [38] as
parameterized by Perdew and Zunger [39] for exchange
correlation functionals in combination with the plane wave
pseudopotential method as implemented in the Quantum
ESPRESSO package [40]. The S pseudopotential was
generated by the [41] method using reference configuration
3sz3p43d0 (re = 1.70, 1.75, and 1.75 au for s, p, d channel,
s local), whereas for Ni, an ultrasoft pseudopotential [42]
was constructed from reference configuration 3d’7°4s'4p"?
with cutoff radius of 1.8 au for each quantum number [.
The f state is chosen as the local potential with cutoff
1.8 au. Nonlinear core correction [43] is not used in S or
Ni in pseudopotential generation. The cutoff energy is 80
and 500 Ryd for wavefunction and charge density Fourier
expansion, respectively. These two pseudopotentials become
unreliable above 800 GPa because the interatomic distance
between S and Ni becomes smaller than the sum of valence
electron wavefunction cutoff radii. To deal with pressures
above 8 megabar (Mbar), we have generated another set
of pseudopotentials with a smaller cutoff radius (details in
appendix A.l1). The Brillouin zone (BZ) integration was
performed on Monkhorst—Pack k-point mesh [44] denser than
16 x 16 x 16 (for all calculated phases especially at high
pressures) together with the Methfessel and Paxton smearing
method [45] with a smearing width of 0.003 Ryd to smooth up
the Fermi surface.

To test the quality of the generated pseudopotential
at high pressures, we calculated by LDA the unit cell
parameter and equation of state of face centered cubic (fcc)
ferromagnetic (FM) Ni as well as 8-Po type, simple cubic (sc),
and body centered cubic (bcc) sulfur. The static equilibrium
lattice constant and bulk modulus of fcc FM Ni calculated from
this study is within 1% difference compared with previous
PAW LDA calculations [46]. We found that the magnetic
moment of fcc-Ni vanishes at 6.1 Mbar within LDA, which
agrees with the vanishing magnetic moment observed under
compression from a previous GGA study [47]. Also our
calculations reproduce previous calculations of cell parameter
variation of fB-Po type sulfur with pressure and on the
static transition pressure between the sc and bcc phase in
sulfur (550 GPa by LDA) [48, 49]. Crystal structures are
relaxed under hydrostatic pressures using variable cell shape
molecular dynamics [50-52]. The spin polarized LDA yields
a nonmagnetic state for NiS, vaesite at all pressures, which is
in agreement with the previous GGA study [19] and consistent
with the experimental observation at high pressures that vaesite
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Figure 2. Crystal structure of NiS; cubic vaesite at ambient condition (a), tetragonal P4,/n phase at 150 GPa (b), and AlB, hexagonal
P6/mmm phase at 750 GPa (c). Nickel atoms are shown as gray spheres and sulfur as yellow. (Their structure parameters are shown in

table 2.)
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Figure 3. Evolution with pressure of vaesite NiS, lattice constant (a), n.n. distances of S—S and Ni-S (b), and some selected angles (c).
Straight lines connecting ‘+’ signs are LDA results and the dashed lines are from PBE-GGA. Circles, triangles, and squares represent single
crystal x-ray diffraction data at room temperature up to 5.4 GPa [15]. All bonds and angles are defined within a cluster of five atoms
delineated by red lines on the right, where sulfur atoms are in yellow spheres and nickel in gray.

is paramagnetic above 8 GPa (figure 1). The PBE-GGA [53]
results on vaesite are also shown, but the difference in valence
electron density from the two functionals is negligible and
the GGA transition pressures between vaesite, the tetragonal
phase, and the hexagonal phase are less than 20 GPa higher
than those by the LDA. Thus we report chiefly the LDA results.

3. Results and discussion

Our investigation of the high-pressure structural evolution
of vaesite, with the pyrite structure, has found that three
phase transitions occur above 100 GPa. At 150 GPa
vaesite transforms to a predicted tetragonal structure (P4, /n).
With further compression to about 7.5 Mbar, the tetragonal
phase transforms into a hexagonal AlB,-type structure
(P6/mmm). Below, we describe the structure, equations of
state, compression mechanism, electronic band structure, and
features of the valence electron density isosurface of the three
stable phases of NiS, found with increasing pressure: vaesite,
the tetragonal phase, and the hexagonal phase (figure 2).

We then describe some of the metastable structures that
emerged from molecular dynamics simulations of baddeleyite
and cotunnite. A comparison is made with phase transitions
observed in other AX, compounds.

3.1. Stable high-pressure phases of NiS»

3.1.1. Vaesite. The crystal structure of vaesite at 150 GPa
is shown in figure 2(a). Vaesite is isostructural with pyrite,
with Ni atoms sitting in the centers of the faces of a cube
and with S atoms intercalated to form NiS¢ octahedra that tilt
consecutively around [001] in four different directions. Within
an octahedron, the first and second nearest neighbor (n.n.) Ni—
S distances are 2.0 and 2.1 A, respectively. An S, dimer is
observed with a short S-S distance of 1.98 A, thus if one looks
at the coordination of sulfur-centered polyhedra, each sulfur
atom is tetrahedrally coordinated by three Ni atoms and one S
atom (figure 3).

Figure 3(a) shows the evolution with pressure of the unit
cell parameter of vaesite calculated by LDA and GGA at
0 GPa without including zero point motions in comparison with
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Figure 4. Electronic band structure of vaesite NiS, at 147 GPa. X:
(1/2,0,0), M: (1/2,1/2,0), and R: (1/2,1/2, 1/2) in units of 27 /a.

Table 1. LDA static equation of states of nonmagnetic NiS,
polymorphs (see figure 2) at 0 GPa and 0 K (without zero point
motion).

Phase Volume (A3 /fu.)
Vaesite (LDA)* 41.04

K, (GPa) K|
132.85

4.55

Vaesite (GGA) 44.58%, 44.81¢, 46.05¢ 102.1° 4.6°
Vaesite (exp.) 45.92¢ 133.2 £5.2F 5.73 £ 0.58f
P4, /n? 40.33 101.04 4.34
AlB,* 40.21 97.12 4.33

@ This work LDA. ® This work with PBE-GGA.

¢ Reference [19] with GGA [66]. ¢ Reference [20] with PW91.
¢ Reference [15] single crystal XRD at room condition.

f FeS, pyrite, powder XRD [55].

the experiment at 300 K [15]. The GGA static compression
curves agree better with experiments than the LDA ones, which
underestimate by ~4% the unit cell parameter as well as the
n.n. Ni-S distance at ambient pressure. This can be attributed
to: (1) LDA overbinds atoms and GGA underbinds them as
is well known, (2) the zero point motion and 300 K thermal
contribution (from phonons) to lattice expansion are absent in
the static calculation, and (3) both LDA and GGA predict a
metallic state at 0 K rather than the insulating state observed at
300 K from experiments (figure 1). Nevertheless, the LDA,
GGA, and XRD data agree on the pressure dependence of
n.n. S-S distance and angles formed between S—-Ni-S, Ni—
S-S, and Ni—-S-Ni, as highlighted in red dashed lines in a
skeleton structure in figure 3. We found in the LDA calculation
a slight decrease in the S—S dimer distance with compression
from O to 6 GPa and then a slight increase at higher pressures
(figure 3). The GGA calculation gives a monotonic decreasing
S-S distance with pressure. The room temperature XRD S—
S distance appears to have a dip around 4.6 GPa [15], which
was used to interpret the incipience of the insulator—metal
transition. However, it is not clear from the XRD data whether
the insulator to metal transition is weakly first order or second
order [54].

Simulations were performed up to 300 GPa and, as
expected, the static LDA equilibrium volume is 10.6%
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Figure 5. Projected density of states of vaesite NiS, at 147 GPa.

lower than the experimental value at 300 K (table 1).
Our GGA calculation agrees well with previous static
GGA calculations [17, 20] and measurements at room
conditions [15] on volume and the unit cell parameter. The
calculated static bulk modulus and its pressure derivative for
vaesite obtained from fitting the LDA volume versus pressure
data with a third order Birch—-Murnaghan equation of state are
132.9 GPa and 4.6, respectively. These values are similar to the
experimental values of pyrite, FeS,, which has an isothermal
bulk modulus, K7 = 132.2 + 5.2 GPa, and a pressure
derivative, K7 of 5.7 £ 0.6 [55].

Figure 4 shows the LDA electronic band structure of NiS,
vaesite at 147 GPa. It resembles that of FeS, pyrite at high
pressures [56]. The two broad peaks centered around 4 and
7 eV arise from tight binding of sulfur 3s states. Bands
between 10 and 20 eV are formed by mixing of sulfur 3p and
Ni 3d states, which is clearly seen from the projected density
of states (figure 5). The appearance of some Ni 4p states
below the Fermi surface is surprising. The Fermi level runs
across the Ni 3d states and S 3p states, showing a metallic
feature. The crystal field splitting of t;, and eg bands in
the octahedral environment is not correctly accounted for by
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Figure 6. Isosurface of valence electron density of vaesite NiS, at 147 GPa: 0.98¢ A~ (a)and 1.19¢ A~ (b). Red spheres represent sulfur

atoms and blue nickel atoms.
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Figure 7. Evolution of the cell parameters and bond lengths with pressure in P4,/n NiS,. Nickel is shown by gray spheres and sulfur by

yellow spheres.

LDA. The mixing between S 3p and Ni 3d states can also
be seen from the valence electron isosurface map (figure 6).
At relatively low density (0.98e AiS), charge accumulations
between Ni and S exhibit sphere and bell-connected shapes,
and charge accumulations between the nearest neighbor S,
dimer show a dumbbell shaped surface. At a higher charge
density value, such as 1.19¢ A%, the S-S 3p-o type molecular
bonds and S 3p and Ni 4s interactions are manifested by
cone-like charge distributions around the S—S and Ni—S bonds.
The existence of a S, dimer in vaesite, a solid state crystal,
is remarkable and clearly visualized from the charge density
isosurface (figure 6).

3.1.2. Tetragonal (P4,/n) polymorph of NiS,. Vaesite, the
ambient pressure stable phase, is predicted to transform at
150 GPa (LDA, 152 GPa by PBE-GGA) to a layered tetragonal

structure with P4,/n symmetry which is more stable than
cotunnite. The layers in the tetragonal phase consist of face-
sharing NiSg tetragonal prisms formed by S atoms with Ni in
the center. The Ni-S distance within the prisms is 2.19 A at
150 GPa. Here the Ni is in eight-fold coordination with
S rather than in the nine-fold coordination as in cotunnite.
These layers stack in a zigzag fashion perpendicular to the ¢
axis (figure 2(b)). When compressed from ambient pressure
to 100 GPa, ¢ decreases sharply from 11.7 to 8.6 A, but
the a parameter within the layer decreases only from 2.7 to
25 A (figure 7(a)). At 100 GPa the c/cy and a/ag ratios,
where ¢y and a( are the values at 0 GPa, are 0.73 and 0.94,
respectively, indicating that the ¢ axis is much softer than the
a axis (figure 7(b)). This can be attributed to the weaker S—
S interaction between layers, which also results in a sharp
reduction of the inter-layer distance (dgap) and of the S-S
distance within the gap (dgfs) (figure 7(c)). On the other



J. Phys.: Condens. Matter 22 (2010) 235401

Y G Yu and N L Ross

Energy (ev)

N A<

r X ™M rz

Z DOS

Figure 8. Electronic band structure of P4,/n NiS, at 150 GPa. X:
(1/2,0,0),M: (1/2,1/2,0),72:(0,0,a/2c),R: (1/2,0,a/2c), and
A(1/2,1/2,a/2c) in units of 27 /a.

hand, the thickness of the NiSg layer (dLayer) and the S-Ni
distance within the layer (dSL_Ni) decrease very slowly from O to
500 GPa (figure 7(c)). These compressional trends imply that
the Ni—S bonds are stiffer than the S—S bonds. Above 100 GPa
the tetragonal structure becomes notably less compressible,
suggesting that repulsive forces between the layers contribute
to the overall compressibility of the structure (figure 7(c)).
Owing to the initial softness perpendicular to the tetragonal
layers in the P4,/n phase, the static bulk modulus and its
pressure derivative at ambient pressure are 101 GPa and 4.3,
respectively, both of which are smaller than those of vaesite
(table 1).

Figure 8 shows the LDA band structure and total density
of states of the tetragonal phase at 150 GPa. The lower energy
bands from 0 to 10 eV retain some tight binding features from
sulfur s atomic orbitals. However, the higher energy bands
from 15 to 30 eV are more complex than those found for
vaesite. The Fermi level cuts across the valence bands. The
projected density of states show that sulfur 3p and nickel 3d
orbitals overlap between 15 and 25 eV (figure 9). This suggests
that when forming crystals, the tetragonal NiSg prisms may
experience strong p—d electron hybridization, thus neither p
nor d orbitals can be preserved. Moreover, the tetragonal
crystal field splitting in 3d orbitals of nickel is absent in LDA
(figure 9(b)). Figure 10 shows the valence electron charge

density isosurface. At a low charge density, such as 0.43¢ A~
(figure 10(a)), we clearly see charge accumulation between
Ni—Ni atoms which comes from outer shell electrons such
as 4s. Also observed is charge accumulation within sulfur
layers, presumably from outer s electrons. At a higher valence
charge density of 1.17¢ A7 (figure 10(b)) the nearest neighbor
S-S interaction seems to attract electrons into a cage-shaped
distribution, where electrons are accumulated along [1 1 1]
pointing towards the first n.n. S atoms, but depleted along
[1 0 0] towards second nearest neighbors. We suspect that the
lack of atomic s or p shape charge density around sulfur atoms
results from band mixing in the environment of the tetragonal
prism formed by sulfur and nickel atoms which is also seen
from the complex band structure near the Fermi level (figure 8).
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Figure 9. Projected density of states of P4,/n NiS, at 150 GPa.

3.1.3. Hexagonal (P6/mmm) polymorph of NiS,. The LDA
calculations indicate that tetragonal phase of NiS, transforms
to a hexagonal phase with P6/mmm symmetry above 750 GPa
(770 GPa by PBE-GGA) which is isostructural with AlB,. The
most commonly observed post-cotunnite phase in AX, systems
is the hexagonal inverse-Ni,In-type (P63/mmc) structure first
observed in BaF, [33]. This structure has since been verified
to occur as a post-cotunnite phase in Na,S [32] and BaH, [34].
Recently Kinoshita et al [35] observed a phase transition
in BaH, from the inverse-NiyIn-type structure to a simple
hexagonal phase between 50 and 65 GPa, but the symmetry
of this new structure was not determined. They, however,
proposed it was an AlB,-type structure.

Figure 2(c) shows the crystal structure of the AIB,-type
hexagonal NiS;, calculated at 800 GPa. It consists of face-
sharing NiS;, hexagonal prisms stacked parallel to the ¢
direction. In contrast to the tetragonal phase where Ni was
in eight-fold coordination with S, Ni is in 12-fold coordination
with neighboring S atoms in the hexagonal structure. The n.n.
Ni-S and S-S distances are 2.012 and 1.787 A, respectively.
The n.n. Ni-Ni distance is 1.849 A, which is comparable to
1.943 A, the Ni-Ni distance in metallic fcc-Ni at 800 GPa
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Figure 10. Isosurface of valence electron density of P4,/n NiS, at 150 GPa: 0.43¢ A7 (a)and 1.17¢ A7 (b). Red spheres represent sulfur

atoms and blue spheres nickel atoms.

50

40

6/
.

30

Energy (eV)

AR
~NA
M

20

10

M DOS

=
<
~

r A L

Figure 11. Electronic band structure of AlB,-type NiS, at 800 GPa.
M: (1/2,0,0), K: (1/2, 1/2+/3,0), A: (0, 0, v/3a/4c), and L:
(1/2,0, v/3a/4c) in units of 47 //3a.

(LDA from this work). The static bulk modulus and its pressure
derivative for the AlB, phase at 0 GPa are 97.1 GPa and 4.33,
respectively (table 1), close to the values of tetragonal NiS,.
The electronic structure and the density of states of AlB,-
type NiS; calculated at 800 GPa are shown in figure 11 and the
projected density of states are shown in figure 12. The Fermi
level cuts across the bands showing metallic features. The
lowest energy bands, occurring along the '-M—K-I" direction
that are within the hexagonal plane, consist of bonding and
antibonding states of S 3p-o orbitals, closely resembling those
of two-dimensional graphite [57]. The valence electron charge
density isosurface map is shown in figure 13. The Ni—Ni
interaction comprises o -bonds within the hexagonal layer and
ring-like 7r-bond features between two adjacent Ni layers (with
charge density of 0.69¢ A_3, figures 13(a) and (b)). Ata charge
density of 1.35¢ A (figures 13(c) and (d)), the S-S 3p-o
orbitals (bone-shaped) form hexagonal rings connecting sulfur
atoms within the hexagonal plane, meanwhile the S-S 3p,
orbitals (dumbbell shaped) connect the two adjacent sulfur
layers. The Ni PDOS shows overlap between projected s
and p states by hybridization (figure 12) which may give rise
to the appearance of ring-shaped isosurface above Ni atoms.
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Figure 12. Projected density of states of AIB,-type NiS, at 800 GPa.
Similar s and p hybridizations forming 3p-o- and 3p, orbitals
are expected within and in between sulfur layers.

3.2. Metastable structures of NiS;

In searching for high-pressure phases of NiS,, we encountered
a few new structures obtained from molecular dynamics
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Figure 13. Isosurface of valence electron density of AlB,-type NiS, at 800 GPa: 0.69¢ A73 ((a) front view and (b) topview) and 1.35¢ A73
((c) front view and (d) top view). Red spheres represent sulfur atoms and blue spheres nickel atoms.
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monoclinic (72°)
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Baddeleyite (P2,/c, 99°, ZrO, type)
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monoclinic(109°)
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Figure 14. Starting from ZrO, baddeleyite-type (P2, /c) configuration in NiS, (b), two metastable structures were obtained—(a) monoclinic
structure (P2, /n) with an angle 72° at 100 GPa and (c) cotunnite-like monoclinic structure (P2, /c) with an angle 109° at 400 GPa.

simulations at various pressures starting from different initial
structures. Although the new structures are metastable, they
are of interest as they reveal distinct aspects of the high-
pressure behavior of NiS, compared to dioxides which may be
applicable to studies of other disulfides subjected to extreme
pressures.

3.2.1.  Evolution with pressure of NiS, with baddeleyite
structure.  Baddeleyite (P2;/c) is the stable phase under
ambient conditions for ZrO, and other IVB dioxides such as
HfO, [58]. In this structure, each metal atom is coordinated by
seven oxygen atoms [59]. This monoclinic structure is also an
intermediate high-pressure phase for TiO,, which undergoes
the transition from rutile — «-PbO, — baddeleyite —
the orthorhombic-I phase (Pbca, Srl,) — cotunnite (Pnma)
(e.g. [25]). The baddeleyite phase is absent in SiO; and GeO,
at high pressure, which instead follow a sequence of transitions
from rutile — CaCl, (Pnnm, marcasite) — «-PbO, —
pyrite [26, 27]. DFT calculations indicate that a further
transition to cotunnite happens at ~700 GPa in SiO, [28, 29].
It is important to compare these results with the predicted
phase transition sequence in NiS; at high pressures, not only to

elucidate the effect of S substituting for O in AX; compounds,
but also to build a framework for understanding and predicting
phase transitions in AX, groups as a whole.

We therefore started with NiS, in a baddeleyite structure
determined from experiments [59] (figure 14) and subjected
it to various pressures between O and 500 GPa. Upon
decreasing pressure below 100 GPa, the system relaxes into
a monoclinic structure which resembles marcasite in which
NiSg octahedra share corners with each other (figure 14(a)) and
the monoclinic angle is ~72°. On the other hand, when this
baddeleyite structure is subjected to high pressures in excess
of 400 GPa, it evolves into a distorted monoclinic cotunnite-
like structure in which each Ni atom is bonded to nine S atoms
(figure 14(c)) and the monoclinic angle is 108°. Between 100
and 400 GPa, the baddeleyite structure is difficult to optimize
under hydrostatic pressure. Although we were able to stabilize
the marcasite- and cotunnite-like structures from the high-
pressure simulations, they are both found metastable as their
volume and static internal energy are both greater than those
of the tetragonal phase (P4,/n) between 100 and 500 GPa.
Thus the baddeleyite-type structure in NiS, is unstable at all
pressures. The structure evolution, as shown in figure 14,
suggests that six-fold coordinated structures (such as pyrite
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Figure 15. Cotunnite related NiS, structures obtained from structural relaxation at various pressures. (a) A layered structure with
edge-sharing SiOg octahedra under 50 GPa, (b) a layered structure with edge-sharing SiO; units stable from 75 to 200 GPa, (c) tetragonal
layered structure (P4,/n) stabilized at all pressures, (d) nine-fold coordinated cotunnite structure stable above 300 GPa (Pnma). CN stands

for coordination number.

and marcasite) are more favorable below 100 GPa, while nine-
fold coordinated structures related to cotunnite appear more
favorable above 400 GPa. In order to explore other high-
pressure phases of NiS,, we started directly from the cotunnite
structure as described below.

3.2.2.  Evolution with pressure of NiS, with cotunnite type
structure.  Structural relaxations of NiS, with a ZrO,-type
cotunnite structure [59] at a series of pressures from O to
8 Mbar yield four candidates for high-pressure polymorphs
of NiS, (figure 15). At pressures less than 50 GPa, we find
a layered structure formed by edge-sharing NiS¢ octahedra
resembling the structure of TiS, (isostructure with Cdl,,
figure 15(a)). At intermediate pressures from 75 to 200 GPa,
an edge-sharing NiS; layered structure appears (figure 15(b)).
This seven-bond coordinated structure differs from baddeleyite
(figure 14(b)). Above 300 GPa, the nine-fold coordinated
cotunnite structure emerges (figure 15(d)), which remains
stable to higher pressures. Surprised at the spontaneous
inversion of cotunnite structure into six- and seven-coordinated
structures, we recompressed these two layered structures
to 75 GPa (figure 15(a)) and find, after re-optimization,
the layered tetragonal structure (figure 15(c)) with P4,/n
symmetry, described in section 3.1.2. This tetragonal structure
is attainable at all pressures and dynamically stable (see
phonon dispersion in appendix A.2). Although it has not
been reported before, the occurrence of layered structures
in AX; compounds at high pressure is well known. For
example, the inverse-NiyIn-type hexagonal layered structure
was found as a post-cotunnite phase in compounds such as
BaH,. In addition, the WSe;- (MoS,-) type trigonal layered
structure [60, 61] has recently been reported as a post-cotunnite
phase in WN, [62]. To distinguish the stability fields of the
observed phases, we compare their static energy versus volume
curves in figure 16, where cotunnite is shown by open squares,
the tetragonal phase by open circles, the seven-fold coordinated

phase by diamonds, the six-fold coordinated layered phase by
triangles, and the vaesite phase by the solid red line. At small
volumes (high pressures), energies of the cotunnite and the
tetragonal phase are very close and much lower than that of
vaesite, indicating vaesite must transform under compression
to structures with higher coordination numbers. However
the energetics of cotunnite and the tetragonal phase are too
close at high pressure to allow for comparison. Instead we
compare enthalpy versus pressure of vaesite and the tetragonal
phase relative to that of cotunnite phase above 300 GPa
(because the cotunnite phase is only stable above 300 GPa
from simulation). Figure 16(b) shows that the tetragonal
phase is the most stable one from 300 up to ~750 GPa.
The cotunnite structure is only 0.02 Ryd/formula greater in
enthalpy than the tetragonal phase at 300 GPa and the enthalpy
difference between them decreases with compression. Owing
to uncertainties in k-point sampling and Gaussian-smearing
near the Fermi surface, current accuracy in static energy is
about 5 mRyd/formula which is close to enthalpy differences
between the two structures at 600 GPa. Therefore an estimated
transition pressure from tetragonal to cotunnite phase would
be 750 & 150 GPa if no other phase intervened. However, we
found that the AlB,-type hexagonal phase (P6/mmm) is more
stable than both the tetragonal and cotunnite phases above
~750 GPa, which is consistent with known post-cotunnite
structures such as AlB, and inverse-Ni,In type (e.g. [23]).

3.3. Additional metastable phases of NiS,

The previous sections show the three stable phases as well
as metastable structures encountered in NiS, during structure
optimization under compression. We also investigated a
number of other crystal structures with AX, composition at
high pressures. As shown above, baddeleyite transforms
into two monoclinic structures depending on pressure. The
monoclinic (P2 /a) phase observed in PbCl, and SnCl, [31]
relaxes into a different monoclinic structure with edge-
sharing octahedra (see appendix A.3). The orthorhombic
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Figure 16. Energetics of cotunnite related structures as shown in
figure 15. (a) Energy versus volume curves for vaesite, the tetragonal
phase, cotunnite (stable above 300 GPa), and layered seven-bond and
six-bond coordinated structures (within 200 GPa). (b) Enthalpy
versus pressure curves for vaesite, tetragonal, and cotunnite above
300 GPa.

(Imma) phase of MgB,-type [63] reverts to the AlB,-type
structure. The remaining high-pressure candidates of NiS,
investigated include structures with (i) six-fold coordination
of Ni with S: marcasite (Pnnm), «-PbO, (Pbcn), WSe,
(P63/mmc, isostructural with WS, and MoS,); (ii) eight-
fold coordination of Ni with S: cubic fluorite (Fm3m);
(iii) nine-fold coordination of Ni with S: CmSe,-type structure
(P4/nmm), a-PbCl, cotunnite (Pbnm) mentioned above; and
(iv) 12-fold coordination of Ni with S: hexagonal inverse-
NipIn-type (P63/mmc), and simple hexagonal AIB,-type
(P6/mmm) [61]. The relaxed unit cell parameters and
fractional coordinates are shown in table 2.

To further simplify comparison, metastable phases are
ignored and a few structures are neglected. The nine-fold
coordinated CmSe, structure, for example, is less stable than
the cotunnite structure. Figure 17(a) shows enthalpy of 10
high-pressure candidate polymorphs of NiS, (including two

10

Table 2. Cell parameters (in A) of various NiS, structures from
simulations. CN stands for coordination number.

CN=6
Vaesite Pa-3 (205) Cubic 40 GPa
(a, a, a) 5.13
Ni (4a) 0 0 0
S (8¢) 0.3828 (0.3955%) 0.3828 0.3828
Marcasite Pnnm (58) Orthorhombic 50 GPa
(a,b,¢) 4.2429 5.1281 3.0968
Ni (2a) 0 0 0
S (4g) 0.1825 0.3814 0
a-PbO, Pbcn (60) Orthorhombic 50 GPa
(a, b, ¢) 4.0451 5.9152 5.6440
Ni (4¢) 0 0.1311 1/4
S (8d) 0.1956 0.4005 0.4504
WSe, P63/mmc (194) Hexagonal 150 GPa
(a,b,¢) 2.2662 2.2662 11.1668
Ni (2d) 1/3 2/3 1/4
S (4e) 1/3 2/3 0.593
(0.621°)
CN =8
Flourite Fm3m (225) Cubic 0.5 GPa
(a, a, a) 5.556
Ni (4a) 0 0 0
S (8¢) 1/4 1/4 1/4
Newly found P4,/n (86, origin 1) Tetragonal 150 GPa
(a,b,¢) 2.3707 2.3707 8.1439
Ni (2b) 0 0 0.5
S (4f) 0 0 0.1653
CN=9
Cotunnite Pnma (62) Orthorhombic 400 GPa
(a,b,¢) 4.89 2.25 6.87
Ni (4¢) 0.361 0.25 0.079
S (4¢) 0.396 0.25 0.406
S (4¢) 0.124 0.75 0.268
CmSe, P4/nmm (129 origin 1) Orthorhombic 200 GPa
(a,b,¢) 2.8514 2.8514 5.8439
Ni (2¢) 1/2 0 0.3075
S (2a) 0 0 0
S (2¢) 1/2 0 0.6452
CN =12
NiyIn (inverse) P6s;/mmc (194) Hexagonal 200 GPa
(a,b, ) 3.5221 3.5221 4.3684
Ni (2¢) 1/3 2/3 1/4
S (2a) 0 0 0
S (2d) 1/3 2/3 3/4
AlB, P6/mmm (191) Hexagonal 800 GPa
(a,b,¢) 3.0956 3.0956 1.8486
Ni (1a) 0 0 0
S (2d) 1/3 2/3 1/2

2 Exp. [15]. ® Reference [60].

assemblages of Ni(fcc) plus S(sc) and S(bcc), respectively)
from 0 to 400 GPa in comparison with that of vaesite. Other
than the CaF, phase, all other phases have lower enthalpies
(i.e., more stable) than vaesite between 150 and 300 GPa.
Vaesite is the most stable phase from 0 to 150 GPa, before the
tetragonal phase becomes more stable with a volume reduction
of ~9% at the transition. Figure 17(b) compares the enthalpies
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Figure 17. Static enthalpy of various NiS, structures up to

400 GPa (a); enthalpy of vaesite, the tetragonal (P4, /n), cotunnite,
and the hexagonal AlB, (P6/mmm) up to 800 GPa (b); volume
versus pressure equation of states of NiS, vaesite, tetragonal, and
hexagonal phases up to 400 GPa (c).

of vaesite, the cotunnite phase, and the hexagonal AIB, phase,
all relative to the tetragonal phase. Above ~750 GPa, NiS,
with the cotunnite structure becomes more favorable than the
tetragonal phase, but it is less stable than the AlB, phase. The
AlIB, hexagonal phase takes the place of the tetragonal phase
at about 750 GPa. Figure 17(c) shows the volume—pressure
equation of state of vaesite, the tetragonal, and the hexagonal
phase.

4. Conclusion

A tentative low-temperature phase diagram for NiS, is
summarized in figure 1. The high-pressure phase transitions
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in NiS; from vaesite to the layered tetragonal phase to the
layered hexagonal phase follow the general trend in pressure-
induced transitions: an increase in coordination number from
6 to 8 to 12, respectively, accompanied by a substantial
decrease in volume at the transition. At 150 GPa the volume
reduction from vaesite to the tetragonal phase is ~9% and that
from the tetragonal to the AIB, hexagonal phase is ~1.5%
at 750 GPa. The charge density isosurface maps clearly
reveal charge accumulation between S—S dimers in vaesite,
cage-shaped isosurface for S in the tetragonal phase, and S-S
bonded interactions within and between sulfur layers and Ni—
Ni bonded interactions in the hexagonal AlB; phase.

As seen in figure 17(b), the enthalpies of the tetragonal,
cotunnite, and the hexagonal phase nearly cross the same point
near 750 GPa. Due to uncertainties in computing static energy
of metallic systems, we are unable to rule out the existence of
the cotunnite phase in NiS; at high pressures. Nevertheless,
the dominance of the tetragonal phase from 150 GPa to about
750 GPa is conclusive. The phase transition trend established
here in NiS,, from vaesite, to the newly predicted tetragonal
phase, to the AIB, phase, suggests that layer segregation and
element accretion in Ni and S play a dominant theme at high
pressures. Whether this reflects the molecular nature of sulfur
is unknown. The ubiquitous observation of cotunnite phase
in AX, compositions including oxides such as, SiO, [28, 29],
GeO; [26, 27], ZrO, and HfO, [59, 64], TiO, [25], halides
such as BaF, [33, 65], chlorides such as PbCl, and SnCl, [31],
and hydrites such as BaH, [34, 35], but not in NiS, might
be attributed to the same molecular nature in sulfur which
disfavors the irregular bonding as in cotunnite, but prefers
layered structures. Further high-pressure studies on sulfides
are needed to clarify this conjecture. In addition, the effect of
van der Waals interactions on the phase transition needs to be
explored.

Another possibility raised from this molecular dynamics
study is that amorphization may occur before the transition
of vaesite to the tetragonal phase. As described above, many
metastable structures were encountered in the simulation.
Among these, the metastable monoclinic structure with
layered edge-sharing NiSg prisms (figure 15(a)) are about
70 meV /atom higher in enthalpy than the tetragonal phase at
150 GPa and might occur under non-hydrostatic pressure or
at high temperature, e.g., above ~1000 K. Experiments are
needed to confirm the high-pressure behavior of NiS,.

The layered tetragonal and hexagonal structures may be
prototypes of high-pressure phases in other AS; sulfides, such
as FeS,. If present in the Earth, the tetragonal phase may have
implications for transport and elastic properties owing to its
structural anisotropy.
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Figure A.1. Illustration of one metastable structure in NiS, with
congested sulfur networks obtained from simulation at 100 GPa
starting with a P2, /a-type structure (PbCl, [31]). Yellow spheres
represent sulfur atoms and blue spheres nickel.

Appendix

A.l. Pseudopotential at high pressure

A second S pseudopotential was generated by the [41]
method using reference configuration 3s23p*3d° (r.
1.5 au for s, p, and d channel, s local). A second Ni
ultrasoft pseudopotential [42] was constructed from reference
configuration 3d”7°4s'4p"> with cutoff radius of 1.5 au for
each quantum number /. The f state is chosen as the local
potential with cutoff 1.5 au. The wavefunction cutoff is
500 Ryd and charge density cutoff is 2000 Ryd [29]. K-point
mesh and smearing parameters are the same as described in
the method section. The equation of state of FCC FM Ni is
reproduced and the sc-bce transition pressure in sulfur is found
to be 500 GPa rather than 550 GPa as in a previous study [49].

A.2. Phonon of the tetragonal phase

The P4,/n tetragonal NiS; is found dynamically stable. The
phonon dispersion and vibrational density of states at 300 GPa
is shown in figure A.2.
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Figure A.2. Phonon dispersion and vibrational density of states of
the NiS, tetragonal phase (P4,/n) at 300 GPa.

A.3. A metastable structure

When P112;/a (PbCl, [31]) phase was taken as the initial
configuration, relaxation at 100 GPa yields one structure where
both nickel and sulfur atoms intercalate, but more aggregated
sulfur and nickel clusters form (figure A.1).
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