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IV - VI AB2 compounds
A     B

• CO2,  CS2 - molecular 
• SiO2, SiS2 - non molecularDifference



Paradigm: SiO2 (silica)
• important component of Earth’s crust (10 %) 

• very rich polymorphism 

• highly important amorphous phase 

• important in many practical applications 

• artificially created on Si surface in microelectronics 

• most common form is α-quartz



SiO2 polymorphism - tetrahedral 1



SiO2 polymorphism - tetrahedral 2



SiO2 polymorphism - octahedral

• further increasing pressure in Mbar range silica 
acquires pyrite-like structure 

• no layered structures

Wikipedia



Most important crystalline phases of silica

from “High-pressure behaviour of silica“, Hemley, Prewitt, Kingma (1994)



Amorphous silica (glass)
• material used by mankind since many years 

- Syria, Mesopotamia, Egypt (2500 BC)

#10polyamorphism - LDA, HDA silica



Carbon dioxide

• molecular, at ambient conditions gas 

• carbon dioxide counts among most important materials on 
Earth and in the Solar system 

• solid CO2 has a number of molecular phases - I, II, III, IV 

• well-known molecular phase is dry ice (phase I) 

• upon compression above 20 GPa dry ice transforms to 
another molecular phase III (Cmca) 

• at high pressure double bonds in CO2 molecules are 
destabilized and polymeric phases with single bonds are 
created (similar to those found in SiO2)



Dry ice

Wikipediasublimates at −78.5 °C



Polymerization of CO2 at high pressure
• SiO2 at low pressure forms tetrahedral covalent structures 
• CO2 at low pressure forms molecular crystals 
• molecular phases of CO2 under pressure transform to tetrahedral 
polymeric ones, similar to those of SiO2 

• many open questions about structures and transformation paths 
remain

Phase diagram of CO2, 
Kume et al. (2007)



view along z view along x

Phase  III → α-cristobalite-type phase
metadynamics, P = 800 kbar, T = 100 K 

Jian Sun, Dennis D. Klug, Roman Martoňák, Javier Antonio Montoya, Mal-Soon Lee, Sandro Scandolo and 
Erio Tosatti, PNAS 106, 6077–6081 (2009)



Structure of polymeric CO2

β-cristobalite-like  I-42d 

Structure of Polymeric Carbon Dioxide CO2-V

Frédéric Datchi,1 Bidyut Mallick,1 Ashkan Salamat,2 and Sandra Ninet1
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The structure of polymeric carbon dioxide (CO2-V) has been solved using synchrotron x-ray powder

diffraction, and its evolution followed from 8 to 65 GPa. We compare the experimental results obtained for

a 100% CO2 sample and a 1 mol% CO2=He sample. The latter allows us to produce the polymer in a pure

form and study its compressibility under hydrostatic conditions. The high quality of the x-ray data enables

us to solve the structure directly from experiments. The latter is isomorphic to the !-cristobalite phase of
SiO2 with the space group I !42d. Carbon and oxygen atoms are arranged in CO4 tetrahedral units linked by

oxygen atoms at the corners. The bulk modulus determined under hydrostatic conditions, B0 ¼
136ð10Þ GPa, is much smaller than previously reported. The comparison of our experimental findings

with theoretical calculations performed in the present and previous studies shows that density functional

theory very well describes polymeric CO2.

DOI: 10.1103/PhysRevLett.108.125701 PACS numbers: 64.70.km, 61.50.Ks, 62.50.$ p, 64.30.Jk

The discovery of a crystalline, polymeric form of carbon
dioxide (CO2-V) when the latter is submitted to high
pressures (P % 40 GPa) and temperatures (T % 1800 K)
[1] has revealed the existence of a new class of CO2 solids
with properties very different from the previously known
molecular forms. This material has attracted a lot of inter-
est as it was reported to have large nonlinear optical
coefficients and a very high bulk modulus of 365 GPa,
comparable to the superhard cubic BN [2], and thus could
have important applications if available at ambient con-
ditions. Iota et al. [1] could quench CO2-V down to 1 GPa
at 300 K, which is very far from the thermodynamic
conditions of its synthesis, but it reverted to a molecular
form at lower pressures. Understanding the properties of
polymeric CO2 also has important implications for the
chemistry of deep Earth, as recent studies indicate that it
could be largely present in the lower mantle [3–6].

A central, yet unsettled question relates to the structure
of this material. Obtaining high-quality structural data at
the extreme conditions of formation of phase V is indeed
experimentally challenging, which may explain why there
are so few experimental studies reported to date [2,7]. This
is in contrast with the several theoretical investigations
devoted to this issue [5,8–12]. Yoo et al. measured the
x-ray diffraction (XRD) pattern of a temperature-quenched
CO2-V sample at 48 GPa and 300 K [2], produced by
indirectly heating CO2 via laser irradiated ruby pieces.
Although the data quality did not allow the authors to solve
nor refine the structure, they proposed a P212121 model
similar to the tridymite structures of SiO2, composed of
interconnected layers of CO4 tetrahedral units. This struc-
ture and several other isomorphs of SiO2 have been inves-
tigated using density functional theory (DFT). Serra et al.
first predicted the "-quartz structure as the most stable
above 35 GPa [8]. Dong et al. [9,10] compared several

candidates and found that the tetragonal !-cristobalite
structure with space group I !42d had the lowest enthalpy.
Moreover, they observed that the experimental P212121
structure proposed in Ref. [2] was far from equilibrium.
Holm et al. [11] agreed that the !-cristobalite form has the
lowest enthalpy at 0 K but argued that the P212121 struc-
ture could be stabilized at the high temperature conditions
of the experiment. More recently, evolutionary structure
searches by Oganov et al. [5] supported the stability of !
cristobalite at pressures 50–150 GPa and 0 K, but also
suggested some new competitive metastable forms. Using
metadynamics calculations [12], or by analyzing possible
transition pathways [13], it was found that, despite its
higher enthalpy, the P41212 "-cristobalite structure may
be easier to form in the stability range of phase V. Very
recently, Seto et al. [7] measured the x-ray pattern of
CO2-V samples produced by direct CO2-laser heating at
pressures of 40–90 GPa. Their patterns are different from
those of Ref. [2] and agreed qualitatively with that of the
!-cristobalite structure. However, the quality of their data
was again not sufficient to solve nor refine the structure.
In this Letter we report the solution of the structure of

CO2-V based on new synchrotron XRD data. We suc-
ceeded in obtaining high-quality powders of pure CO2-V
thanks to an original sample topology making use of the
properties of CO2-helium mixtures. Our results show that
CO2-V is indeed isomorphous to ! cristobalite with space
group I !42d, and that its compressibility is well described
by DFT.
To achieve the high pressures and temperatures needed

to produce CO2-V, we used the laser-heated diamond anvil
cell technique [14]. There are two well-known issues re-
garding this technique. First, chemical reactions may occur
between the sample and the materials used to couple with
the infrared laser or those used to thermally insulate the
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CS2
Wikipedia

• metastable compound - enthalpy 
of formation 88.7 kJ/mol 

• at ambient conditions molecular 
liquid 

• below 161 K freezes to Cmca 
molecular crystal



CS2 at high pressure

• Bridgman (1941) compressed Cmca CS2 
to 4.5 GPa at 175 C 

• transformation to black polymer observed 
• Whalley (1960) proposed a polymeric 

structure based on a group 

Nobel prize 1946 - Percy Williams Bridgman

• exact crystal structure is not known



CS2 at high pressure
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Insulator-metal transition of highly compressed carbon disulfide

Ranga P. Dias,1 Choong-Shik Yoo,1,* Minseob Kim,1 and John S. Tse2

1Institute for Shock Physics, Department of Chemistry and Department of Physics, Washington State University,
Pullman, Washington 99164, USA
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(Received 24 August 2011; published 7 October 2011)

We present integrated spectral, structural, resistance, and theoretical evidences for simple molecular CS2

transformations to an insulating black polymer with threefold carbon atoms at 9 GPa, then to a semiconducting
polymer above 30 GPa, and finally to a metallic solid above 50 GPa. The metallic phase is a highly disordered
three-dimensional network structure with fourfold carbon atoms at the carbon-sulfur distance of ∼1.70 Å. Based
on first-principles calculations, we present two plausible structures for the metallic phase: α-chalcopyrite and
tridymite, both of which exhibit metallic ground states and disordered diffraction features similar to that measured.
We also present the phase and chemical transformation diagram for carbon disulfide, showing a large stability
field of the metallic phase to 100 GPa and 800 K.

DOI: 10.1103/PhysRevB.84.144104 PACS number(s): 74.62.Fj, 64.70.kt, 74.70.Kn, 74.70.Wz

I. INTRODUCTION

Under high pressure, simple molecular solids transform
into nonmolecular (extended) solids as compression energies
approach the energies of strong covalent bonds in constituent
chemical species. As a result, it is common to observe the
transformation of molecular solids into more compact ex-
tended structures with more itinerant electrons, which softens
repulsive interatomic interactions at high density. Examples
include insulator-to-metal transitions in O2,1 Xe,2,3 and I2

4

as well as molecular-to-nonmolecular transitions in CO2
5 and

N2.6 The latter transitions, on the other hand, open up the band
gap, thereby, retarding the expected Mott insulator-to-metal
transitions in these systems.7

Carbon dioxide, for example, exhibits a richness of high-
pressure polymorphs with a great diversity in intermolecular
interaction, chemical bonding, and crystal structures. It ranges
from molecular phases of I(Pa-3)8 and III(Cmca)9 to fully
extended, polymeric phases of fourfold V5,10 pseudosixfold
VI,11 coesitelike CO2,12 and silicalike a-carbonia13 above 40–
60 GPa. These extended phases are polymorphs in structures
similar to those of SiO2 but with a substantially stronger
covalent character in C-O bonds. At higher pressures of
100–200 GPa, all these extended phases of carbon dioxide
transform into either amorphous solids at ambient temperature
or ionic solids at high temperatures,14 not to a metallic phase.
The absence of metallization, on one hand, reflects strong
covalent nature of C-O bonds in these extended solids, which
results in structural disorders to adapt the density increase
at high pressures. The structural disorder, on the other hand,
reflects an enhanced iconicity in C-O bonds—furthering the
separation of the band gap. Perhaps, the delicate balance
between the structural disorder and the bond order is important
for shifting the nature of the transition between ionization and
metallization.

Carbon disulfide in comparison with its chemical ana-
log CO2, provides opportunities to exploit the relationship
between the structural phase transition and the electronic
metallization. Carbon disulfide crystallizes into a molecular
Cmca phase at less than 1 GPa15—the isomorphic to CO2-III.
This Cmca phase is stable to 10 GPa and 540 K, above which it

transforms to two-dimensional (2D) polymers such as a ladder
polymer or a Bridgman black.16 Although carbon atoms in
these polymers are mainly threefold coordinated with sulfur
atoms, a recent first-principles theory also predicts the stability
of fourfold, quartzlike CS2 phase above 20 GPa17—has not
been discovered.

Here, we report a series of structural and electronic phase
transitions of molecular CS2 to nonmolecular phases with
three- and fourfold carbon atoms and further to metallic phase
above 50 GPa, using optical microscopy, Raman spectroscopy,
electrical resistance, and x-ray diffraction measurements.
The present results reveal structural and chemical analogies
between CS2 and CO2 albeit significant differences in the
chemical bonding and the stability field of these extended
polymorphs at high pressures and temperatures.

II. METHODS

A. Experimental Methods

The present study was based on a large number of exper-
iments, more than 20 samples, all providing a consistent and
reproducible set of Raman, electric resistance, and synchrotron
x-ray scattering data. The sample was liquid CS2 (99.99% from
Sigma-Aldrich) loaded onto a membrane-driven diamond anvil
cell (m-DAC), using 1/3 carat, type Ia diamond anvils with a
0.3- (or 0.18- for higher pressures) mm culet. A 0.2-mm-thick
rhenium gasket was preindented to 30 µm and a 130- (or 100-)
µm hole was electrospark drilled at the center of the gasket.
Raman spectra of CS2 were obtained using a home-built
confocal micro-Raman system based on a Nd:YLF laser (used
the second harmonic at 527 nm).

In electrical resistivity measurements, a fine alumina pow-
der was mixed with epoxy and used to insulate the 5-µm-thick
platinum electrode from the metallic Re gasket. A 100- to
80-µm hole sample chamber was drilled at the center of the
insulation powder (see Fig. 1). A four-probe method using
5-µm-thick platinum electrodes was implemented with an
average distance between opposite electrodes being around 40
to 50 µm. Direct current electrical resistance measurements
were performed with 1-µA current, Lakeshore 120 current

144104-11098-0121/2011/84(14)/144104(6) ©2011 American Physical Society
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FIG. 1. (Color online) Microphotographs of carbon disulfide under high pressure showing its transformation from (a) transparent fluid to
(b) and (c) molecular solid (Cmca) at ∼1 GPa, to (d), (e), and (g) black polymer above 10 GPa ((-S-(C=S)-)p or CS3) and eventually to (f) and
(h) a highly reflecting extended solid above 48 GPa (CS4) at ambient temperature. The rightmost image (h) illustrates the metallic reflectivity
of CS2 samples above 55 GPa similar to those of Platinum (Pt) metal probes in a four-probe configuration for resistance measurements.

source with switching polarity, and the voltage readout from
Keithley 2000 DVM was recorded on a computer. For low-
resistance values, ac technique was used at 13-Hz frequency
with a 3-µA current from a Stanford Research SR830 digital
lock-in amplifier.

Angle-resolved x-ray scattering data were collected at room
temperature using micro-focused (∼10×10 µm) monochro-
matic synchrotron x-ray at 16BMD (HPCAT) (λ = 0.3682 Å)
at the Advanced Photon Source. The x-ray scattering in-
tensities were recorded on high-resolution 2D image plates
over a large 2θ range between 0 and 40 degrees and then
converted to one-dimensional (1D) profiles using the Fit2D
program. To investigate the structure in the amorphous phase,
pair distribution function (PDF) analysis was performed on
room-temperature x-ray data by using the PDFGetX2. The
background x-ray scattering was also measured from an empty
cell after the experiments and was subtracted from the data to
obtain the S(Q) of the sample (which will be shown later in
Fig. 3). The S(Q) data was then Fourier transformed to obtain
the g(r) (as shown in Fig. 3 inset).

B. Theoretical Methods

Crystal geometry optimization and electronic band struc-
ture calculations were performed with the first-principles plane
wave code VASP,18 employing the projected augmented wave
potentials19 with the Perdew-Burke-Ernzerhof functional.20

The starting CS2 chalcopyrite (I-42d) structure was adopted
from the earlier study.21 While the tridymite P212121 structure
for the extended phase-V of high pressure CO2

10 was used as
the initial guess. Monkhorst-Pack k-point mesh of 16×16×16
and 6×8×8 were used in the electronic calculations for the
chalcopyrite and tridymite structures, respectively. The con-
vergence criterion for geometry optimization is the maximum
force acting on an atom is less than 1.0×10−4 eV/Å.

To establish the stability of the chalcopyrite structure,
phonon calculations using a q-point mesh of 4×4×4 were

performed with the linear response code Quantum Espresso.22

Electron-phonon calculations using q-meshes of 3×3×3 and
4×4×4 show the coupling parameter is found to be very small.
Because of the large number of atoms in the primitive cell (8 C
and 16 S) and the low space group symmetry, it was not feasible
to perform linear response calculations for the phonon band
structure and electron-phonon coupling parameter with our
computational capability. Nevertheless, zone center phonons
calculated with the linear response method using both VASP
and Quantum Espresso and frozen phonon calculations using
VASP on selected q-points reveal no imaginary frequency.

III. RESULTS

The most dramatic change in carbon disulfide under
pressure is in its visual appearance (Fig. 1) from a transparent
fluid to a molecular solid (Cmca) at 1 GPa (11) to a 1D black
polymer of (-S-(C=S)-)p with threefold carbon atoms bonded
to sulfur atoms (depicted as CS3 phase) at 10 GPa,16 and to a
reflecting polymer above 40–50 GPa.

Pressure-induced Raman and electric resistance changes
(Fig. 2) indicate dramatic transformations of molecular carbon
disulfide (Cmca)7 to a previously known 1D black polymer of
(-S-(C=S)-)p with threefold carbon atoms bonded to sulfur
atoms at 10 GPa (depicted as CS3 phase) and to a conducting
polymer above 40–50 GPa. The Raman spectrum of molecular
CS2 consists of a symmetric stretching mode νs at 650 cm−1,
an overtone of S=C=S bending νb at 800 cm−1, and a lattice
mode at 100 cm−1. Above 9 GPa, all of these modes disappear,
and instead, two new broad peaks appear at ∼430 cm−1

and 500 cm−1 (see the inset), representing, respectively,
the bending and stretching modes of (S-(C=S)-S) in a 1D
polymeric configuration. Above 30 GPa, these two features
merge into a single band at ∼470 cm−1, which can be attributed
to the S-C-S bending mode in a three-dimensional (3D)
network structure made of CS4 tetrahedra. The existence of
this type of extended structure with fourfold carbon atoms

144104-2
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FIG. 2. (Color online) Pressure-induced Raman and electric
resistance changes of carbon disulfide, showing the structural and
electronic transitions. The inset shows subtle changes in Raman
spectra in the 300–700 cm−1 region associated with the structural
phase transitions at 10 and 30 GPa. The open and closed symbols
signify, respectively, the data taken during the pressure uploading
and downloading.

was predicted for carbon disulfide above 20 GPa17 and was
found in its chemical analog, CO2, above 40 GPa.5,10,21 We,
therefore, attribute the Raman change at 30 GPa to a structural
phase transition to an extended carbon disulfide solid made of
CS4 tetrahedra (depicted as CS4 phase).

The pressure-induced structural phase transitions accom-
pany a large, seven-order, drop in electric resistance over

a pressure range of 10 to 50 GPa, clearly suggesting an
insulator-metal transition at ∼50 GPa (Fig. 2). The conducting
phase of carbon disulfide, especially in the CS4 phase above
50 GPa, is opaque and highly reflective approaching the level
of Pt metal (see Fig. 1). The measured resistance of the CS4
phase at 50 GPa is less than 20 !, which is typical for metals
at this pressure in a DAC. The metallic nature of the CS4 phase
is consistent with its high optical reflectivity and its calculated
electronic band structure later discussed.

The present x-ray diffraction data support the structural
phase transitions of carbon disulfide to the 1D (CS3) and
3D (CS4) extended solids (Fig. 3). Below 10 GPa, the
polycrystalline diffraction pattern of solid CS2 is poor due
to its large crystal grains with highly preferred orientations.
Nevertheless, all the observed peaks can be indexed with
the previously known Cmca structure of molecular CS2.

15 At
higher pressures, those sharp diffraction peaks weaken and
broaden, becoming a few broad features centered at around
2.5, 3.3, and 4.3 Å−1, indicating the transformation of CS2 to
a highly disordered solid. No diffraction feature is discernable
for the presence of either sulfur or carbon, confirming that CS2
does not decompose chemically. Note that all solid phases of
sulfur (including S-II and III phases relevant to this pressure
range) maintain high crystallinity well above 35 GPa (nearly
to 200 GPa) at ambient temperatures.23

The PDF profiles reveal the local structures of semiconduct-
ing CS3 and metallic CS4 phases (see the inset in Fig. 3). The
first dominant peak can be assigned to the nearest carbon-sulfur
distance (r1).24 For example, the peak at 1.32 (±0.05) Å at
9 GPa can be assigned to the C=S double bonds in molecular
CS2. The observed peak at around 1.70 (±0.05) Å at 27, 46

FIG. 3. (Color online) (Left) The background-removed structural factor S(Q) and radial distribution function G(r) (inset) of carbon disulfide
obtained at several high pressures, showing the pressure-induced structural changes. (Right) The calculated structure factors of α-chalcopyrite
(I-42d, top) and α-tridymite (P 212121, bottom), showing the two major features centered around 2.8 Å−1 and 4.9 Å−1 as observed in the
experiments.
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FIG. 4. (Color online) The phase and chemical transformation
diagram of carbon disulfide, showing the structural phase transitions,
insulator-to-metal transition, and chemical decomposition. Open cir-
cles signify data from the present study. The present high-temperature
experiments confirm the stability of CS3 phase to 710 K at 22 GPa
and at least 725 K at 50 GPa, which define the decomposition line of
carbon disulfide to carbon and sulfur.

and 55 GPa can be assigned to the C-S single bonds in CS4
tetrahedral with some partial C=S double bond characters.25

The second dominant peak, on the other hand, can be assigned
to the neighboring sulfur-sulfur distance (r2), which decreases
from 4.08 and 3.25 Å at 9 GPa, corresponding to the two
nearest S..S interatomic distances in the Cmca phase,26 to
2.99 and 3.15 Å at 27 GPa, corresponding to two different
S..S distances in the CS3 phase. It then collapses to 2.77 Å
at 47–55 GPa. Interestingly, the ratio of r1 and r2, is ∼1.63
at 55 GPa and is close to the ideal close-packed hexagonal
structure c/a=1.63, signifying its 3D network structure.27

Based on the present (open circles) and previous (closed
circles) data,11 we construct the phase and chemical trans-
formation diagram of carbon disulfide in Fig. 4. It highlights
the metallization (in blue) and structural transitions (in black
lines) for comparison and shows (i) the structural transitions
from molecular Cmca phase (CS2) to a 1D black polymer (with
threefold carbon atoms or CS3 phase) at ∼10 to 12 GPa and
to a 3D extended polymer (CS4 phase) at ∼29 to 31 GPa,
(ii) the insulator-to-metal transition occurring over a large
pressure region between 29(31) GPa and 44(48) GPa at 300 K,
and (iii) the decomposition of carbon disulfide to carbon
and sulfur at high pressures and temperatures. The data at
710 K and 20 GPa signifies carbon disulfide decomposition
to carbon and sulfur (S-VI phase23), which is confirmed by
its characteristic Raman peak in the present resistive-heating
experiments [Fig. 5(a)]. Combining this and earlier data (at
530 K and ambient pressure), we establish the decomposition
line of carbon disulfide with a positive slope (8.18 K/GPa—
dashed line), indicating that the stability field of metallic
CS4 phase increases with increasing pressures. In fact, we
confirmed that the CS4 phase at 50 GPa was not decomposed
to 725 K [Fig. 5(b)], the maximum temperature of the present
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FIG. 5. (Color online) The Raman spectra of ohmically heated
carbon disulfide, showing thermal decomposition of CS2 to carbon
and sulfur (phase VI) at around 720 K at 22 GPa (a) but no apparent
decomposition at 50 GPa to the maximum temperature of 723 K (b).
The laser-heated carbon disulfide, on the other hand, decomposes to
carbon and sulfur (phase III) at 30 GPa and >1000 K (c).

resistive-heating experiments but decomposes to carbon and
S-III23 upon laser heating to higher temperatures (well above
1000 K) [Fig. 5(c)].

IV. DISCUSSION

The present spectroscopic and diffraction results indicate
the pressure-induced metallization of carbon disulfide at
∼50 GPa, following a series of structural phase transitions
from transparent molecular CS2 phase to threefold CS3 phase
at 10 GPa to fourfold CS4 phase at ∼30 GPa. The insulator-to-
metal transition is not due to CS2 decomposition or elemental
sulfur but occurs well in the stability field of highly disordered
CS4 phase as illustrated in Fig. 4.

To investigate further using first-principles density func-
tional theory calculations, we determined the crystal and

144104-4

here the notation CS3, CS4 
refers to carbon coordination, 
not to stoichiometry



Proposed interpretation

• based on analogy with CO2, tridymite and β-cristobalite 
were proposed as candidates for tetrahedral CS2 

• comparison to experiment elusive because of disorder 
• does the analogy with CO2 really work well for CS2? 
• why not considering also analogy with e.g. SiS2?

Our goal
• address the problem with state-of-the-art ab initio crystal 
structure search techniques



Crystal structure prediction -  
ab initio genetic algorithms

• we work at T=0 and optimize enthalpy H = E + PV 
• we used the USPEX software (Oganov, Glass 2006) 
• ab initio calculations and structural relaxations 
performed by VASP 
• plain PBE functional used for structural search 
• enthalpies calculated by the optB86b-vdW scheme of 

Klimeš et al. (2010, 2011) based on the vdW 
functional of Dion et al. (2004) 

• phonon, Raman and IR calculations performed by 
Quantum Espresso using LDA functional



Problem with decomposition in CS2

intrinsic metastability towards decomposition 

Solution - constraint on C-C and S-S bond lengths



Results of EA search
• search performed at  p= 0, 26, 38, 75, 120, and 170 GPa 
• at p=0 we reproduced the molecular Cmca phase  
• at higher p we found various tetrahedral structures, α- and β-

cristobalite 
• new tetrahedral layered structure with space group P21/c 
• also various octahedral structures with high enthalpy
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FIG. 2. (Color online) Zero temperature enthalpy for some
optimized structures of CS2, plotted relative to �-cristobalite
(I42d). No structures with carbon coordinations of three or
larger than four are considered. Structures HP1 (P21/c ),
HP2 ( P21/c ????) and NP ( Ibam ) are based on CS4 tetra-
hedra. The relative stability oh HP2 between 10-30GPa is
marginal and possibly unreliable. ↵-cristobalite* (P212121
(No. 19). ) is a high pressure version of regular ↵-cristobalite
(P41212 (No. 92)) where symmetry is reduced through a ro-
tation of the tetrahedral environment of carbon atom.

The relative enthalpies calculated for these structures
are shown in Fig.2. The Cmca molecular phase pre-
vailing at low pressures is quickly supplanted by I42d
�-cristobalite at about ⇡10GPa. At the same time,
however, the P21/c tetrahedra-based structures appear,
preempting this transformation and replacing the Cmca
molecular structure already at about 5 GPa. Upon in-
creasing pressure, the two structures HP1 and HP2 re-
main nearly iso-enthalpic up to 30 GPa. Above that
pressure the HP1 layered structure clearly prevails, its
enthalpy remaining lower than that of �-cristobalite by
a substantial amount, exceeding the estimated computa-
tional errors of about 10 meV/molecular unit, up until
160GPa – a regime where, however, carbon coordinations

FIG. 3. Calculated X-ray di↵raction patterns of the HP1 and
�-cristobalite structures of CS2 at P= 55GPa, compared with
experimental data of Ref.7

larger than four will take over. The same HP1 structure
which we found here appears in SiS2 at much lower pres-
sures than in CS2 as is natural given the shorter bond
lengths and smaller compressibility of the carbon com-
pound.

It is interesting to rationalize the finding of edge-
sharing tetrahedra in high pressure CS2, which behaves
similarly to low pressure SiS2 whose phases consist of
variously packed tetrahedra. The stability of tetrahedra-
based phases in a carbon compound such as CO2 is de-
nied by Pauling’s third rule for ionic crystals which states
that carbon edge-sharing has a destabilizing e↵ect as it
brings the positive carbon ions too close together in-
creasing their Coulomb repulsion energy. The question
is then why this obstacle does not arise in CS2. In or-
der to compare the importance of this e↵ect in CO2 and
CS2 we structurally optimized CO2 in the HP1 struc-
ture at 50 GPa. In agreement with Pauling, we found for
this structure a much higher enthalpy of 0.4 eV/molecule
with respect to the stable phase �-cristobalite, show-
ing that edge-sharing in CO2 is indeed unfavorable. To
confirm that this is due to ionicity we calculated Bader
charges25,26 for the C, S and O atoms in the HP1 struc-
ture. Strikingly whereas in CO2 the partial charge of
carbon is about +2, it turned out to be about �0.5 in
CS2. The bond polarization in CS2 is not only of small
magnitude, but outrightly opposite to that in CO2. This
finding explains why edge-sharing in CS2 does not have
the destabilizing e↵ect it has in CO2. A second signifi-
cant di↵erence between CO2 and CS2 originates from the
di↵erent chemistry of oxygen and sulfur which becomes
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somewhat our view we instead consider that CO2 and
CS2 are members of a broader family of IV–VI AB2 com-
pounds including SiO2, silica, and SiS2, neither of which
is molecular at zero pressure. Silica is very well known
for a number of tetrahedrally coordinated polymorphs
including ↵-quartz, ↵- and �-cristobalite, tridymite, co-
esite, etc. Much less studied until recently, SiS2 exhibits
totally di↵erent phases starting o↵ at zero pressure with
an orthorhombic (so-called NP) crystal structure made
up of edge-sharing carbon-centered tetrahedra (Ref.10).
Very recently the high pressure phases of SiS2 were exper-
imentally characterized10 and a whole sequence of phases
HP1, HP2, HP3, were described where the tetrahedra did
not disappear but simply changed their mutual connec-
tivity.

Based on the limited available high-pressure data, solid
CS2 is at the moment the least understood member of
this highly important class of solids. Even if starting
at zero pressure with the same molecular Cmca struc-
ture which CO2 adopts at moderate pressure, CS2 needs
not develop at very high pressures the same structures
as CO2. It might resemble, e.g., SiS2 instead, or even do
something di↵erent. To fill this remaining knowledge gap
we conducted an unbiased theoretical crystal structure
search to explore high pressure structures of CS2. This
search revealed that at high pressures where the carbon
coordination is four the �-cristobalite structural motif is
indeed superseded by a novel, robust layered network of
tetrahedra known from the structures of high pressure
SiS210. The HP1 structure of CS2 in particular, which
we found to be the lowest in enthalpy in a wide range
of pressures from 30 to 170GPa, is structurally identi-
cal with HP1 structure of SiS210 (see Fig. 1). The re-
sults which we calculated, based on this structure, for
the pair distribution function and for the Raman spec-
tra agree better with experimental data than those of �-
cristobalite at 50 GPa. We also obtained predictions on
the infrared (IR) absorption spectra, not yet measured
experimentally, that will hopefully serve in the future
to experimentally corroborate or discard our predictions.
The calculated electronic structure of metallized HP1-
CS2 GPa moreover indicates a small Fermi level density
of states, questioning the intrinsic nature of the observed
superconductivity.

The paper is organized as follows. In Section II we
present the details of our structural search and subse-
quent analysis. In Section III we present the structural
results of our search. In Sections IV and V we analyze the
lattice dynamics, Raman spectra and electronic structure
of the new phase. In the final sectionVI we summarize
the results and draw conclusions.

II. COMPUTATIONAL METHODS

The search for low-enthalpy structures of CS2 was car-
ried out by exploiting an evolutionary algorithm (EA),
as implemented in the USPEX code.11–15 The EA was

FIG. 1. (Color online) The P21/c layered crystal structure,
named HP1 after that reported for SiS2

10, viewed along a,
b and c-axes. Each layer is made up of two pairs of CS4

tetrahedra. The two tetrahedra in each pair are joined by
the edge, with S edge atoms shown in red. At ⇡ 50GPa the
interlayer distance is about 2.1 Å. Full structural data are in
Table I.

run in conjunction with ab-initio electronic structure
calculations and relaxations based on standard density
functional theory (DFT). The Perdew-Burke-Ernzerhof
(PBE)16 generalized gradient approximation as imple-
mented in VASP (Vienna Ab-initio Simulation Pack-
age)17 employed the projector-augmented plane wave
(PAW) method18,19. The energy cuto↵ for the plane-
wave basis was set to 550 eV to ensure full conver-
gence. The Brillouin Zone was sampled by Monkhorst-
Pack meshes with a resolution of 2⇡ ⇥ 0.05 Å�1. Since
at low pressures the dispersion forces are important
we employed for enthalpy calculations the optB86b-
vdW scheme20,21 based on the van der Waals density
functional22. Zero-point lattice energies were not in-
cluded and temperature was set to zero throughout. All
the IR and Raman spectra calculations were instead car-
ried out using Quantum ESPRESSO suite of programs
within the LDA approximation.23 For that, the GGA in-
put structures were further relaxed before carrying out
the phonon calculations.

Brute force application of the EA structural search
algorithm to a compound such as CS2 with a positive
formation enthalpy should lead by necessity to chemical
decomposition and outright disappearance of the com-
pound itself. As was said above, even at ambient pres-
sure molecular CS2 is metastable, meaning it is locally
stable mechanically, and temporarily surviving due to ex-
ceedingly slow kinetics, while intrinsically unstable on
thermodynamic grounds. The EA search ignores kinet-
ics and will therefore lead to decomposition, given a large
enough supercell. In this study, where we wish to find
and study the high pressure metastable phases of the un-

“shahabite” - layered with edge-sharing octahedra



3rd Pauling’s rule (1929)
The sharing of edges and particularly faces by two anion 
polyhedra decreases the stability of an ionic structure.

• comparison: in CO2 the P21/c structure is higher in 
enthalpy with respect to β-cristobalite by 0.4 eV/molecule 

• Bader charge analysis 
• partial charges on atoms C (+2), O (-1) 
• in CS2 it is quite different C (-0.55), S (+0.27) 
• not only smaller charge, but opposite polarity 
• electronegativities: C 2.55, S 2.58 
• edge-sharing more plausible in less ionic CS2
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FIG. 2. (Color online) Zero temperature enthalpy for some
optimized structures of CS2, plotted relative to �-cristobalite
(I42d). No structures with carbon coordinations of three or
larger than four are considered. Structures HP1 (P21/c ),
HP2 ( P21/c) and NP ( Ibam ) are based on CS4 tetrahedra.
The relative stability of HP2 between 10–30GPa is marginal
and possibly unreliable. ↵-cristobalite* (P212121 (No. 19).
) is a high pressure version of regular ↵-cristobalite (P41212
(No. 92)) where symmetry is reduced through a rotation of
the tetrahedral environment of carbon atom.

work. For the sake of completeness we calculated en-
thalpies in CS2 for optimized HP2, and for the chain-like
orthorhombic phase with space group Ibam which was de-
noted in Ref.10 as NP, the structure of SiS2 at ambient
pressure. The structural parameters of these theoreti-
cal CS2 phases (HP1, HP2 and NP) at various relevant
pressures are listed in Table. I. Among phases not shown
here and not further discussed is tridymite, also consid-
ered by Ref.7, which we found at 50GPa to be unstable,
spontaneously converting into a low-symmetry structure.

The relative enthalpies calculated for these structures
are shown in Fig.2. The Cmca molecular phase pre-
vailing at low pressures is quickly supplanted by I42d
�-cristobalite at about ⇡10GPa. At the same time,

FIG. 3. Calculated X-ray di↵raction patterns of the HP1 and
�-cristobalite structures of CS2 at P=55GPa, compared with
experimental data of Ref. 7

however, the P21/c tetrahedra-based structures appear,
preempting this transformation and replacing the Cmca
molecular structure already at about 5GPa. Upon in-
creasing pressure, the two structures HP1 and HP2 re-
main nearly iso-enthalpic up to 30GPa. Above that pres-
sure the HP1 layered structure clearly prevails, its en-
thalpy remaining lower than that of �-cristobalite by a
substantial amount, exceeding the estimated computa-
tional errors of about 10 meV/molecular unit, up un-
til 160GPa—a regime where, however, carbon coordi-
nations larger than four will take over.7 The same HP1
structure which we found here appears in SiS2 at much
lower pressures than in CS2 as is natural given the shorter
bond lengths and smaller compressibility of the carbon
compound.

It is interesting to rationalize the finding of edge-
sharing tetrahedra in high pressure CS2, which behaves
similarly to low pressure SiS2 whose phases consist of
variously packed tetrahedra. The stability of tetrahedra-
based phases in a carbon compound such as CO2 is de-
nied by Pauling’s third rule for ionic crystals which states
that carbon edge-sharing has a destabilizing e↵ect as it
brings the positive carbon ions too close together in-
creasing their Coulomb repulsion energy. The question
is then why this obstacle does not arise in CS2. In or-
der to compare the importance of this e↵ect in CO2 and
CS2 we structurally optimized CO2 in the HP1 structure
at 50 GPa. In agreement with Pauling, we found for
this structure a much higher enthalpy of 0.4 eV/molecule
with respect to the stable phase �-cristobalite, show-
ing that edge-sharing in CO2 is indeed unfavorable. To
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FIG. 4. (Color online) Calculated pair correlations G(r) at
50GPa for �-cristobalite (green) and layered HP1 (blue) in
comparison with experimental data at 55GPa taken from
Ref. 9. An empirical Gaussian broadening was applied to
the G(R) of the respective perfect crystals in order to mimic
the structural disorder. The Gaussian width was chosen in
order to get for the C–S bond peak at 1.75 Å the same width
as in experiment.7

confirm that this is due to ionicity we calculated Bader
charges25,26 for the C, S and O atoms in the HP1 struc-
ture. Strikingly whereas in CO2 the partial charge of
carbon is about +2, it turned out to be about �0.5 in
CS2. The bond polarization in CS2 is not only of small
magnitude, but opposite to that in CO2. This finding ex-
plains why edge-sharing in CS2 does not have the desta-
bilizing e↵ect it has in CO2. A second significant di↵er-
ence between CO2 and CS2 originates from the di↵erent
chemistry of oxygen and sulfur which becomes relevant at
higher pressures where the chalcogen binds two carbons.
In this configuration, oxygen hybridizes sp3, favoring a
bond angle of about 109�; sulfur instead prefers p orbital
binding without hybridization, and a bond angle closer
to 90�. (See a detailed discussion e.g.,in Ref.27). There-
fore, it is not surprising to find that CO2 should adopt
the �-cristobalite structure where the C–O–C bond an-
gles are 106� and 115� while CS2 prefers the edge sharing
tetrahedra with C–S–C bond angle of 90�.

Fig.3 shows the calculated di↵raction pattern of the
HP1 and �-cristobalite structures of CS2 at 50GPa.
Comparing the position of the Bragg peaks with those
of broad peaks of the X-ray structure factor S(Q) in ex-
periment at 55GPa (Fig.3 in Ref.7) we find roughly the
same agreement for both crystalline structures. In or-
der to discuss and compare more realistically the direct-
space pair correlation function, we carried out an ab-
initio Molecular Dynamics simulation for HP1-CS2 at 300
K and P=50GPa, using the VASP code. Fig.4 shows the
results in comparison with the experimentally extracted
G(R).7 Although di↵erences are not dramatic, the HP1
pair correlations appear to agree with experiment some-
what better than those for �-cristobalite. As a side result,
these simulations also indicated a high level stability and
robustness of HP1-CS2 against thermal fluctuations. It

FIG. 5. (Color online) Calculated phonon spectrum of the
P21/c layered structure of CS2 at 50GPa.

is believed that this stability will be important for later
tribochemical studies which we are planning.

IV. PHONONS, RAMAN, AND INFRARED
ABSORPTION SPECTRA

In order to ascertain mechanical and dynamical stabil-
ity, and in preparation for spectroscopy, we calculated the
phonon spectrum of the main HP1 phase that dominates
the phase diagram of CS2 for a wide range of pressure.
As shown in Fig. 5, at P=50 GPa all mode frequencies
are real and positive, confirming the mechanical stability
of the structure. Comparison with calculated phonons
of the �-cristobalite structure7 shows that modes of the
HP1 layered structure are slightly sti↵er, although there
is a fair amount of overall similarity. Phonon calculations
for HP2, prohibitively expensive because of the large 36-
atom unit cell, were not attempted, also given the uncer-
tain stability of this phase.
Based on these phonon calculations, we subsequently

calculated the Raman and IR absorption spectra of
the HP1 structure in comparison with �-cristobalite.
These spectral calculations require an insulating elec-
tronic structure. Therefore, even if available data are
mostly at higher pressures, we conducted our spectral cal-
culations at 20GPa where both HP1 and �-cristobalite
still have insulating LDA band structures. Actually, we
found that LDA at 20GPa yielded a similar volume to
that of GGA at 30GPa, and that the crystal structures
underlying these LDA spectral calculations are not very
di↵erent from those of our previous 50GPa structural de-
terminations. As shown in Fig.6 the di↵erences between
the layered HP1 and �-cristobalite predicted spectra are
major. The Raman spectrum of �-cristobalite has a main
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FIG. 6. (Color online) Predicted Raman spectra of two com-
peting CS2 structures at 50 GPa, compared with measure-
ments at 50GPa, 297K.7 The high frequency secondary peak
near 800 cm�1 is only present in layered P21/c and absent
in �-cristobalite. Also the low frequency spectrum is better
reproduced by HP1 than by �-cristobalite.

(twin) peak near 300 cm�1, a second main peak near
400 cm�1, much weaker features near 600–700 cm�1, and
nothing at higher frequencies. The HP1 Raman pre-
dicted spectrum exhibits instead a much larger peak near
500 cm�1 and considerable spectral intensity at 700 and
also 800 cm�1. Both the 500 and the 800 features agree
much better with experimental Raman data (50GPa,
297K).7 This proves that HP1 is the dominant phase
of CS2, as opposed to �-cristobalite, near 50GPa.
Besides Raman, high pressure systems should also per-

mit the measurement of IR absorption. We therefore
calculated IR spectra, which not surprisingly turned out
to be very di↵erent for the layered HP1 and for �-
cristobalite. As can be observed in Fig.7, the main pre-
dicted absorption peaks of �-cristobalite are close to ⇡
200, 350 and 610 cm�1. In the HP1 phase instead, af-
ter a weaker structure between 150 and 200 cm�1 there
is a large and broad absorption band between 700 and
800 cm�1, a range where �-cristobalite should be IR
silent. In future data, this unmistakeable di↵erence of
IR absorption spectra should stand clearly out. Experi-
mental IR data exist apparently only for the low pressure
molecular structure. The IR peak positions observed for
the Cmca structure represented by arrows in Fig.7 agree
very well with our calculations.

V. ELECTRONIC STRUCTURE

DFT calculations yield the electron band structure of
all low enthalpy phases of CS2. All low pressure struc-
tures are insulating. The DFT-PBE electronic band
structure of the layered HP1 phase is shown in Fig.8(a) at
40GPa, above the critical metallization pressure, where
the band gap of HP1-CS2 closes. Metallization of HP1-
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FIG. 7. (Color online) Calculated IR spectra of di↵erent CS2

structures. Note the sti↵er frequencies of layered HP1 com-
pared with �-cristobalite. Blue arrows indicate the experi-
mental IR peak positions of molecular CS2.

28,29

CS2 occurs at about 30GPa within the PBE functional,
an approximation which notoriously underestimates the
gap and therefore the metallization pressure. We re-
peated the CS2 calculations using B3LYP hybrid func-
tionals, and found the metallization pressure to increase
to ⇡50GPa, a value now in excellent agreement with
experiment.7 It is interesting to note that, owing to its
initially smaller band gap than CO2, CS2 metallizes read-
ily under pressure after turning from a twofold molecular
state to a dense fourfold solid, unlike CO2 which remains
a wide-gap insulator long after a similar transformation
into �-cristobalite. One interesting question arising at
this point is whether superconductivity is predicted in
the metallic high pressure state of HP1-CS2. Unfortu-
nately our limited resources and the large 12-atom unit
cell prevented us from calculating the electron-phonon
interaction � and thus estimating the critical tempera-
ture Tc. Nonetheless, a qualitative answer to that ques-
tion, even before any detailed calculations, is suggested
by direct inspection of the band structure of Fig.8(c).
Metallization of HP1 takes place by band overlap, with
formation of a hole pocket at the k=0 � point and of a
corresponding pair of electron pockets, at k-points F and
F 0 near A0 and A – but o↵ the A � Gamma � A0 line.
The electron density of states of Fig.8(a) calculated after
band overlap is small, not suggestive of a large electron-
phonon coupling parameter �. As in other cases, our
observation of band overlap metallization32 does not of-
fer a strong promise of superconductivity, at least of the
standard BCS kind. However, the wavevectors �-F and
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peting CS2 structures at 50 GPa, compared with measure-
ments at 50GPa, 297K.7 The high frequency secondary peak
near 800 cm�1 is only present in layered P21/c and absent
in �-cristobalite. Also the low frequency spectrum is better
reproduced by HP1 than by �-cristobalite.

(twin) peak near 300 cm�1, a second main peak near
400 cm�1, much weaker features near 600–700 cm�1, and
nothing at higher frequencies. The HP1 Raman pre-
dicted spectrum exhibits instead a much larger peak near
500 cm�1 and considerable spectral intensity at 700 and
also 800 cm�1. Both the 500 and the 800 features agree
much better with experimental Raman data (50GPa,
297K).7 This proves that HP1 is the dominant phase
of CS2, as opposed to �-cristobalite, near 50GPa.
Besides Raman, high pressure systems should also per-

mit the measurement of IR absorption. We therefore
calculated IR spectra, which not surprisingly turned out
to be very di↵erent for the layered HP1 and for �-
cristobalite. As can be observed in Fig.7, the main pre-
dicted absorption peaks of �-cristobalite are close to ⇡
200, 350 and 610 cm�1. In the HP1 phase instead, af-
ter a weaker structure between 150 and 200 cm�1 there
is a large and broad absorption band between 700 and
800 cm�1, a range where �-cristobalite should be IR
silent. In future data, this unmistakeable di↵erence of
IR absorption spectra should stand clearly out. Experi-
mental IR data exist apparently only for the low pressure
molecular structure. The IR peak positions observed for
the Cmca structure represented by arrows in Fig.7 agree
very well with our calculations.

V. ELECTRONIC STRUCTURE

DFT calculations yield the electron band structure of
all low enthalpy phases of CS2. All low pressure struc-
tures are insulating. The DFT-PBE electronic band
structure of the layered HP1 phase is shown in Fig.8(a) at
40GPa, above the critical metallization pressure, where
the band gap of HP1-CS2 closes. Metallization of HP1-
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CS2 occurs at about 30GPa within the PBE functional,
an approximation which notoriously underestimates the
gap and therefore the metallization pressure. We re-
peated the CS2 calculations using B3LYP hybrid func-
tionals, and found the metallization pressure to increase
to ⇡50GPa, a value now in excellent agreement with
experiment.7 It is interesting to note that, owing to its
initially smaller band gap than CO2, CS2 metallizes read-
ily under pressure after turning from a twofold molecular
state to a dense fourfold solid, unlike CO2 which remains
a wide-gap insulator long after a similar transformation
into �-cristobalite. One interesting question arising at
this point is whether superconductivity is predicted in
the metallic high pressure state of HP1-CS2. Unfortu-
nately our limited resources and the large 12-atom unit
cell prevented us from calculating the electron-phonon
interaction � and thus estimating the critical tempera-
ture Tc. Nonetheless, a qualitative answer to that ques-
tion, even before any detailed calculations, is suggested
by direct inspection of the band structure of Fig.8(c).
Metallization of HP1 takes place by band overlap, with
formation of a hole pocket at the k=0 � point and of a
corresponding pair of electron pockets, at k-points F and
F 0 near A0 and A – but o↵ the A � Gamma � A0 line.
The electron density of states of Fig.8(a) calculated after
band overlap is small, not suggestive of a large electron-
phonon coupling parameter �. As in other cases, our
observation of band overlap metallization32 does not of-
fer a strong promise of superconductivity, at least of the
standard BCS kind. However, the wavevectors �-F and
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FIG. 8. (Color online) (a) The parallelepiped Brillouin zone
of the HP1 P21/c structure.30,31 F= (0.3636, 0.0000, 0.4545)
is a general point in the Brillouin zone. (b) PBE electronic
structure of HP1-CS2 at 40GPa, above the insulator-metal
transition. (c) Bands near the Fermi level showing a single
hole pocket at � and two electron pockets at F and F0 = �F.

�-F0, ± (0.3636, 0.0000, 0.4545) are electron-hole nesting
vectors of HP1-CS2 near the gap closing pressure around
50GPa. It is possible that charge-density-wave or spin-
density-wave static modulations might appear with that
periodicity, possibly also accompanied by some related

superconducting phase. We are not presently in a posi-
tion to inquire quantitatively into this possibility, which
would require newer and di↵erent approaches.

VI. CONCLUSIONS

We presented a theoretical study of high pressure solid
phases of CS2. We discarded the obvious possibility of de-
composition by restricting only to phases devoid of C–C
and of S–S nearest neighbor bonds, and aiming at uncov-
ering the metastable phases of lowest enthalpy through
an unbiased genetic structure search. Our main result is
that, contrary to expectations based on similarity with
CO2 where twofold coordinated Cmca eventually turns
into fourfold coordinated �-cristobalite, high pressure in
CS2 eventually converts Cmca into a di↵erent fourfold
coordinated layered P21/c phase built up of edge-sharing
pairs of tetrahedra. Recently the very same structure,
named HP1, has been experimentally reported for SiS2 at
much lower pressures.10 Another tetrahedra-based struc-
ture, HP2, is also stabilized between 8 and 30GPa, but
only by a small enthalpy di↵erence with respect to HP1
comparable with our calculation errors.
The proposed HP1 structure represents a more plausi-

ble candidate structure for high pressure, fourfold coor-
dinated CS2 than those considered so far.7,9 Both calcu-
lated pair correlations and Raman spectra agree better
with existing data than those of �-cristobalite. It will be
a challenge for the experimentalists to try to prepare this
phase in a crystalline state amenable to more accurate
investigation in the future. To that end we provide sub-
stantial additional predictions, in particular of IR spec-
tra, that should be crucial in identifying the new phase.
Despite its intrinsic metastability, the HP1-CS2 structure
appears exceptionally robust. These qualities make CS2
a good candidate system for studies of high pressure sim-
ulated tribochemistry, a project which is presently going
on in the Trieste group.
Even though the layered HP1 structure is metallic

above 50GPa, it seems unlikely that it should account for
the experimentally observed superconductivity,9 because
the density of states, and therefore the dimensionless �,
is likely to remain low after the band-overlap metallic
state. Although a reasonable hypothesis could be a pos-
sible partial decomposition of CS2, with creation of some
free sulfur filaments or other non stoichiometric products,
we are not in a position to address that occurrence here.

We note in closing that at pressures just before metal-
lization, where the band gap closing of insulating HP1-
CS2 is indirect, the crystal might develop a narrow
charge-density-wave or spin-density-wave phase, charac-
terized by a nesting wavevector close to ± F.33 Although
there has been so far no observation of this kind in high
pressure experiments, this possibility, which we also sug-
gested for MoS2,34 seems worth pursuing.

Last and perhaps most important, our work provides
a new link into the high pressure crystal chemistry of

• in PBE metallization at 30 GPa 
• in B3LYP at 50 GPa 
• closes indirect gap 
• unlike tetrahedral CO2, CS2 
metalizes very easily with 
pressure
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FIG. 7. (Color online) Calculated IR spectra of different CS2

structures. Note the stiffer frequencies of layered HP1 compared
with β-cristobalite. Blue arrows indicate the experimental IR peak
positions of molecular CS2 [28,29].

(50 GPa, 297 K) [7]. This proves that HP1 is more likely to be
the dominant phase of CS2, as opposed to β-cristobalite, near
50 GPa.

Besides Raman spectra, high-pressure systems should also
permit the measurement of IR absorption. We therefore
calculated IR spectra, which not surprisingly turned out to be
very different for the layered HP1 and forβ-cristobalite. As can
be observed in Fig. 7, the main predicted absorption peaks of
β-cristobalite are close to ≈200, 350, and 610 cm−1. In the HP1
phase, after a weaker structure between 150 and 200 cm−1,
there is instead a large and broad absorption band between 700
and 800 cm−1, a range where β-cristobalite should be IR silent.
In future data, this unmistakable difference of IR absorption
spectra should stand out clearly. Experimental IR data exist
apparently only for the low-pressure molecular structure.
The IR peak positions observed for the Cmca structure
represented by the arrow in Fig. 7 agree very well with our
calculations.

V. ELECTRONIC STRUCTURE

DFT calculations yield the electron band structure of all
low-enthalpy phases of CS2. All low-pressure structures are
insulating. The DFT-PBE electronic band structure of the
layered HP1 phase is shown in Fig. 8(b) at 40 GPa, above the
critical metallization pressure, where the band gap of HP1-CS2
closes. Metallization of HP1-CS2 occurs at about 30 GPa
within the PBE functional, an approximation which notori-
ously underestimates the gap and therefore the metallization
pressure. We repeated the CS2 calculations using the Becke,
three-parameter, Lee-Yang-Parr hybrid functional (B3LYP)
[32] and found that the metallization pressure increases to

FIG. 8. (Color online) (a) The parallelepiped Brillouin zone of
the HP1 P 21/c structure [30,31]. F = (0.3636,0.0000,0.4545) is a
general point in the Brillouin zone. (b) PBE electronic structure of
HP1-CS2 at 40 GPa, above the insulator-metal transition. (c) Bands
near the Fermi level showing a single hole pocket at " and two
electron pockets at F and F′ = −F .

≈50 GPa, a value now in excellent agreement with experiment
[7]. It is interesting to note that, owing to its band gap initially
being smaller than that of CO2, CS2 metallizes readily under
pressure after changing from a twofold molecular state to a
dense fourfold solid, unlike CO2, which remains a wide-gap
insulator long after a similar transformation into β-cristobalite.
One interesting question arising at this point is whether
superconductivity is predicted in the metallic high-pressure
state of HP1-CS2. Unfortunately, our limited resources and
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Solid CS2 is superficially similar to CO2, with the same Cmca molecular crystal structure at low pressures,
which has suggested similar phases also at high pressures. We carried out an extensive first-principles evolutionary
search in order to identify the zero-temperature lowest-enthalpy structures of CS2 for increasing pressure up to
200 GPa. Surprisingly, the molecular Cmca phase does not evolve into β-cristobalite as in CO2 but transforms
instead into phases HP2 and HP1, both recently described in high-pressure SiS2. HP1 in particular, with a wide
stability range, is a layered P 21/c structure characterized by pairs of edge-sharing tetrahedra and is theoretically
more robust than all other CS2 phases discussed so far. Its predicted Raman spectrum and pair correlation function
agree with experiment better than those of β-cristobalite, and further differences are predicted between their
respective IR spectra. The band gap of HP1-CS2 is calculated to close under pressure, yielding an insulator-metal
transition near 50 GPa, in agreement with experimental observations. However, the metallic density of states
remains modest above this pressure, suggesting a different origin for the reported superconductivity.
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I. INTRODUCTION

The crystal structure of even extremely stable molecular
carbon compounds like CO2 is known to transform radically at
high pressures where, above ∼50 GPa, the carbon coordination
is found, both experimentally [1] and theoretically [2], to
switch from two in the molecular structure Cmca to four
in the β-cristobalite structure [3,4]. Similar pressure-induced
structural transformations can reasonably be expected to occur
in a compound such as CS2, which is the focus of the present
study and which presents obvious similarities to CO2. Indeed,
CS2 adopts at zero pressure the same Cmca molecular crystal
structure as metastable phase III of CO2 at moderate pressures
between 15 and 50 GPa. However, the binding in CS2 is much
weaker than in CO2, with a smaller electronic band gap and a
positive formation enthalpy of about 88.7 kJ/mol as opposed
to a large negative one of −393.509 kJ/mol for CO2 [5,6].
Thermodynamically, that makes decomposition and phase
separation into elementary carbon and sulfur a thermodynamic
necessity for CS2 at equilibrium already at ambient pressure
and presumably even more so at higher pressures. In spite
of that intrinsic thermodynamical metastability, solid CS2
phases do exist, clearly for kinetic reasons, and are reported
at ambient pressure not to decompose in measurable times, at
least below ≈560 K [7,8], a temperature rising even further
at high pressures, possibly up to 1000 K at 70 GPa [7]. At
high pressures but low temperatures, x-ray data have shown
evidence of structural transitions of CS2 from the molecular
phase to polymeric phases with C-S coordinations rising from
two (Cmca) to three (CS3) to four (CS4) [7] and higher.
With the exception of the CS3 phase near 20 GPa, the
high-pressure structural behavior has been postulated to be
similar to that of CO2, implying (not unreasonably) that CS4
could be β-cristobalite. In CS2 a detailed interpretation of
high-pressure experimental data is further complicated by a
large amount of structural disorder, particularly in the CS4

phase where only broad, rather than sharp, Bragg peaks are
present in the diffraction pattern [7]. With that rationalization
of the fourfold coordinated state of CS2 near 50 GPa through
simple analogy with CO2, density functional theory (DFT)
studies have considered β-cristobalite (I42d, also referred to
as chalcopyrite) and tridymite (P 212121) for comparison with
experimental data. Because of the lack of sharp diffraction
peaks or other distinctive features, that comparison neverthe-
less appears somewhat elusive. The tridymite structure shows
slightly better agreement with experiment but represents a ther-
modynamically less likely candidate than β-cristobalite since
its calculated DFT enthalpy is 0.3–0.4 eV/molecule higher
[7]. The electronic structure of either fourfold coordinated
crystal structure agrees with the observed metallization in the
region from 40 GPa upwards [7,9]. Besides that, in more recent
experiments performed on the high-pressure metallic phases
of CS2, resistivity showed evidence of superconductivity at
4–6 K over a broad pressure range from 50 to 172 GPa [9].

From the theoretical point of view it is, of course, inade-
quate to merely trust the analogy between CS2 and CO2 and
extend it even to very high pressures. To expand somewhat our
view we instead consider that CO2 and CS2 are members of
a broader family of IV–VI AB2 compounds, including SiO2,
silica, and SiS2, none of which is molecular at zero pressure.
Silica is very well known for a number of tetrahedrally
coordinated polymorphs, including α- and β-quartz, α- and
β-cristobalite, α- and β-tridymite, coesite, etc. Much less
studied until recently, SiS2 exhibits totally different phases
starting off at zero pressure with an orthorhombic (so-called
NP) crystal structure made up of edge-sharing carbon-centered
tetrahedra (see Ref. [10]) Very recently, the high-pressure
phases of SiS2 were experimentally characterized [10], and
a whole sequence of phases (HP1, HP2, HP3) was described
in which the tetrahedra did not disappear but simply changed
their mutual connectivity.

1098-0121/2015/91(22)/224108(8) 224108-1 ©2015 American Physical Society
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ABSTRACT: The ambient pressure phase of silicon disulfide
(NP-SiS2), published in 1935, is orthorhombic and contains
chains of distorted, edge-sharing SiS4 tetrahedra. The first high
pressure phase, HP3-SiS2, published in 1965 and quenchable
to ambient conditions, is tetragonal and contains distorted
corner-sharing SiS4 tetrahedra. Here, we report on the crystal
structures of two monoclinic phases, HP1-SiS2 and HP2-SiS2,
which can be considered as missing links between the
orthorhombic and the tetragonal phase. Both monoclinic
phases contain edge- as well as corner-sharing SiS4 tetrahedra.
With increasing pressure, the volume contraction (−ΔV/V)
and the density, compared to the orthorhombic NP-phase, increase from only edge-sharing tetrahedra to only corner-sharing
tetrahedra. The lattice and the positional parameters of NP-SiS2, HP1-SiS2, HP2-SiS2, and HP3-SiS2 were derived in good
agreement with the experimental data from group−subgroup relationships with the CaF2 structure as aristotype. In addition, the
Raman spectra of SiS2 show that the most intense bands of the new phases HP1-SiS2 and HP2-SiS2 (408 and 404 cm−1,
respectively) lie between those of NP-SiS2 (434 cm

−1) and HP3-SiS2 (324 cm
−1). Density functional theory (DFT) calculations

confirm these observations.

1. INTRODUCTION
New binary compounds and new modifications, as well as new
isomers of molecular species of two main group elements
(especially if light and frequently appearing elements of the
Earth’s crust are involved) are of fundamental interest, since
basic conclusions regarding bonding and geometric structure
for chemistry in general can be drawn. Against this background,
silicon sulfur compounds or molecular species play a prominent
role: In the molecular area, the detection of the CO2 and SiO2
analogue SSiS species was a highlight. Gaseous SiO2 and
also SiS2 cannot be obtained via the vaporization of the solid
compounds, because, e.g., the decomposition of SiO2 to SiO(g)
and O2 (SiS(g) + 1/2S2) is thermodynamically favored. Both
molecular species OSiO and SSiS possess a similar
electronic ground states and are of linear shape (symmetry
D∞h). They are formed in solid rare-gas matrices1 at 10 K via
chemical reactions of either molecular SiO with O atoms
obtained in a glow discharge or molecular SiS with S atoms
formed after photochemical dissociation of COS to S atoms
and CO.1 Very recently, an excited isomer of SiS2 (76 kJ/mol
above the linear ground state) also has been structurally
characterized by high-resolution rotational spectroscopy under
discharge.2 This bent SiS2 molecule of symmetry C2v may

theoretically represent a building block for the linear chainlike
ambient pressure (NP) SiS2 modification (cf. discussion below).
However, in this article, we concentrate on the solid-state

phases and, therefore, in this Introduction, will start with the
two most abundant elementssilicon and oxygenand their
famous binary compound silica (SiO2). It plays an important
role in the interior of the Earth and is also of great techno-
logical interest.3 At NP, it provides examples of first-order
reconstructive and of soft-mode-driven displacive transitions
and, at high pressure (HP), examples of pressure-induced
polymorphism and also amorphization. At ambient pressure,
SiO2 crystallizes with a silicon coordination number of 4, similar
to that of quartz, tridymite, and cristobalite, each existing with
low- and high-temperature forms.4 Since the discovery of its HP
polymorphism to stishovite (rutile structure, silicon coordina-
tion number of 6),5 molecular dynamics (MD) predicted HP
phases with higher density, ranging from 4.01 g cm−3 (α-PbO2
structure, silicon coordination number of 6) to 4.24 g cm−3

(CaF2 structure, silicon coordination number of 8).6 However,
up to this point in time, SiO2 with CaF2 structure has not been
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SiS2 at high pressure (Evers et al.)

Figure 1b shows that bonding in the c-direction is the
strongest for the highly anisotropic structure. Here, the thermal
expansion is the lowest (see Table S1 in the SI). With the excep-
tion between 103(2) K and 200(2) K, it is slightly positive.
Also, the U33 displacement parameters (U33,Si = 0.0100(3) Å2,
U33,S = 0.0119(3) Å2 (at 103(2) K; see Table S1 in the SI)) are
the smallest, in comparison with U11 and U22. Therefore, the
ellipsoids in the c-direction are smaller than in the a- and
b-directions. As already mentioned, α-PdCl2 with edge-sharing
PdCl4 squares21 shows a negative NTE in the c-direction.

However, the U33 displacement parameters of α-PdCl2 at
100(2) K (U33,Pd = 0.0063(2), U33,Cl = 0.0086(4) Å2)21 show
much smaller values than those of NP-SiS2 at 100(2) K,
indicating stronger bonding in the c-direction for α-PdCl2.
The Si−S distances at 300(2) K in the distorted tetrahedra

(Figure 1e) are 2.130(2) Å, and the S−S distances are between
3.231(2) Å and 3.615(2) Å. The sharing of edges leads to
planar Si2S2 rings (4−5−3−6). The sum of the angles is 360.0°
(81.34° (2×), 98.66° (2×)). The other angles for the distorted
tetrahedra are 114.18° and 116.09°. For the edge-sharing of

Figure 1. (a) Guinier diffractograms (Mo Kα1 radiation) of NP-SiS2 from 6° to 46° (2θ) with an increment of 0.04° and a counting time of 10 s per
increment (T = 300(2)−707(5) K). (b) Relative change (%) of the lattice parameters a, b, and c and the cell volume (V) at various temperatures.
The data between 103(2) K and 385(2) K were obtained by single-crystal X-ray analysis (Table S1 in the SI), those up to 707(5) K by Guinier
powder X-ray investigations. (In the investigated temperature range, NP-SiS2 shows no clear negative thermal expansion (NTE). The thermal
expansion of parameter c is the lowest, but with the exception between 100(2) K and 200(2) K (Table S1 in the SI), it is slightly positive; the
expansion of a, b, and V is positive.) (c) Diamond2 view27 of NP-SiS2 at 300(2) K along the [010] axis with anisotropic displacement ellipsoids of
50% probability: edge-sharing of distorted tetrahedra in the c-direction. (d) View along the c-axis with one-dimensional interbonding of SiS4
tetrahedra. (The S−S-distances (given in Ångstroms) within and between the tetrahedra are summarized in order to show the “open” structure in
the other two directions (a and in b), where only weak van der Waals bonding between the tetrahedra is present.) (e) Distances (Å) and angles
(deg) (experimental errors of ±0.002 Å and ±0.02°, respectively) summarized for orthorhombic NP-SiS2 at 300 K (Table S1 in the SI).
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parameters are the smallest. These facts are reflected in the
thermal expansion of the lattice parameters for a, b, and c
(Figure 3b).
Contrary to the Si−S distances in HP1-SiS2, which are found

only in a small interval between 2.123(2) Å and 2.132(2) Å,
they lie in HP2-SiS2 in a larger interval between 2.124(2) Å
and 2.143(2) Å (see Figure 3e). On the one hand, HP1-SiS2
consists of only one crystallographic independent Si and
two independent S positions (see Table S2 in the SI). On the

other hand, in HP2-SiS2, those atoms are tripled (see Table S3
in the SI).
Because the Si−S distances and the Si−S−Si angles in

distorted SiS4 tetrahedra and also the angles Si−S−Si at the
interconnection by corner-sharing in HP1- and HP2-SiS2
deviate only slightly from each other in HP1-SiS2 and in
HP2-SiS2, the volumes of the distorted SiS4 tetrahedra in both
phases are very similar. Nevertheless, edge-sharing and corner-
sharing of distorted tetrahedra in HP2-SiS2 (ρcalc = 2.344(2) g cm

−3)

Figure 2. (a) Guinier diffractograms (Mo Kα1 radiation) of HP1-SiS2 from 6° to 46° (2θ), with an increment of 0.04° and a counting time of 10 s
per increment from 293(2) K to 701(5) K. (b) Relative change (%) of the lattice parameters a, b, and c and of the cell volume (V) at various
temperatures. (The data at 293(2) K were obtained by single-crystal X-ray analysis (see Table S2 in the SI), and those data up to 701(5) K were
obtained by Guinier powder X-ray investigation. HP1-SiS2 shows no negative NTE in the investigated temperature range; the thermal expansion of c
and b is the lowest.) (c) Diamond2 view27 of HP1-SiS2 at 293(2) K along the [010] axis with anisotropic displacement ellipsoids of 50% probability,
showing that the layer structure consisted of edge- and corner-shared distorted SiS4 tetrahedra. (The highest displacements of the ellipsoids are
parallel to [100], indicating only weak van der Waals forces between the layers. Perpendicular to (011) the layers of tetrahedra are stacked with an A,
B, C, D··· sequence.) (d) View along the [100] axis on one layer of distorted SiS4 tetrahedra with four 12-membered Si6S6 rings. (e) View on a
12-membered Si6S6 ring formed by six distorted SiS4 tetrahedra. (Distances (Å) and angles (deg) (experimental errors of ±0.002 Å and ±0.02°,
respectively) obtained via single-crystal X-ray determination (see Table S2 in the SI) at 293(2) K are summarized. The Si−Si distances between
edge-sharing tetrahedra (Si5, Si6) are elongated from 2.767(2) Å to 3.418(2) Å for corner-sharing ones (Si6, Si8). The corner-sharing angle Si−S−Si
(6−7−8) is 106.95(2)°.)
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leads due the three-dimensional arrangement of SiS4 tetrahedra to a
more-efficient packing than in HP1-SiS2 (ρcalc = 2.241(2) g cm−3).
In Figure 4, the packing in the a−c plane of distorted SiS4

tetrahedra for HP1-SiS2 and HP2-SiS2 is compared. The gap
between the layers of HP1-SiS2 of 3.18 Å (Figure 4a) results
from only weak van der Waals bonding and is 11% larger than
the thickness of the layer (2.84 Å). In HP2-SiS2 (Figure 4b),
the S atoms of the SiS4 tetrahedra lie approximately parallel
to the (101) plane. In such an arrangement, chemical bonds
in three dimensions reduce the distance to 2.84 Å (Figure 4b).

This smaller distance seems to allow a more-efficient
packing in HP2-SiS2 than in HP1-SiS2. Nevertheless, two
large cavities remain. They are numbered as “1” and “2” in
Figure 3d.

Tetragonal HP3-SiS2. According to the Pauling rules,30,31

the sharing of polyhedra edges reduces the stability of an ionic
structure. DFT calculations of Bader partial charges32,33 with
WIEN2k34 show a large valence electron transfer from the
electropositive Si atoms to the electronegative S atoms. For the
NP phase and the three HP-SiS2 phases, the calculated partial

Figure 3. (a) Guinier diffractograms (Mo Kα1 radiation) of HP2-SiS2 from 6° to 46° (2θ) with an increment of 0.04° and a counting time of 10 s
(T = 295(2)−716(5) K). (b) Relative change (%) of the lattice parameters a, b, and c and of the cell volume (V) at various temperatures. (The data
at 200(2) K were obtained via single-crystal X-ray analysis (see Table S3 in the SI), those data up to 716(5) K were obtained via Guinier powder
X-ray investigations. HP2-SiS2 shows no negative thermal expansion (NTE) in the investigated temperature range; the thermal expansions in the a-,
b-, and c-directions are approximately in the same range. (c) Diamond2 view27 along the [010] axis (displacement ellipsoids with 50% probability)
on edge- and corner-sharing distorted SiS4 tetrahedra of HP2-SiS2 centered at a = 0, c = 1/2. (Two puckered Si6S6 rings are obtained by connection
of seven approximately planar Si2S2 rings.) (d) View along the [010] axis with the structural motif of puckered Si6S6 rings of Figure 2b, but centered
here at c = 0 and c = 1. (e) View on a 12-membered ring Si6S6 of six SiS4 tetrahedra. Distances (Å) (experimental error ±0.002) and angles (deg)
(experimental error ±0.02) as determined by single-crystal determination at 200(2) K (see Table S3 in the SI) are summarized for six SiS4 tetrahedra
of HP2-SiS2. (The Si−Si distances between edge-sharing tetrahedra (Si5, Si6) are elongated from 2.767(2) to 3.395(2) Å for corner-sharing ones
(Si6, Si8). The corner-sharing angle Si−S−Si (6−7−8) is 105.76(2)°.)
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tetrahedral holes in (1/4,
1/4,

1/4). In the left branch of the tree,
the relationship to NP-SiS2 is derived, followed by the relation-
ship to HP1-SiS2 and HP2-SiS2 and to HP3-SiS2 on the right
branch.
Coming from CaF2, the larger S atoms of SiS2 adopt the part

of the Ca atoms for close-packed positions and the Si atoms
adopt those of the F atoms. To obtain NP-SiS2, the first
step38,44 leads to a translationsgleich subgroup F4/m 2/m 2/m of
index 3, which is a nonstandard setting of I4/mmm. By this
F-setting the larger lattice parameter a of NP-SiS2 (a =
5.5528 Å) is retained. By two klassengleich symmetry reduction
steps of index 2 (Figure 6), two origin changes with
(1/4,

1/4,
1/4) and (−1/4,0,0), and doubling the lattice parameter

b, the space group I2/m2/c2/b of NP-SiS2 is obtained. The
positions of the tetrahedral holes of the aristotype CaF2 are
not changed in NP-SiS2, bearing in mind the two origin changes.

The positions of the S atoms are slightly shifted (for y=
−0.250 to y= −0.206, and for z = −0.125 to z = −0.117
(Figure 6)).
The symmetry reduction39 to obtain HP1-SiS2 and HP2-SiS2

from the aristotype CaF2 includes five common steps via
I4/mmm (t3), P42/nnm (k2), P2/n 2/n 2/n (t2), P12/n1 (t2) to
P121/n1 (k2). Then, after changing the cell parameters, the
middle branch of the tree is divided into two parts, both in
space group P121/c1. For HP1-SiS2, the new cell vectors a − c,
b, a + c are chosen with an i2 reduction step. The positional
parameters for HP1-SiS2 deviate only slightly from the ideal
ones, based on multiples of 1/8 (Figure 6). The deviation of
the positional parameters for HP2-SiS2, on the right side of
the middle branch, is also very small. Here, the x positional
parameters are based on 1/(8 × 3) = 1/24, because of the
tripling of lattice vectors in the steps a, b, −a+3c, and 2a,b,c

Figure 5. (a) Guinier diffractograms (Mo Kα1 radiation) of HP3-SiS2 from 6° to 46° (2θ) with an increment of 0.04° and a counting time of 10 s per
increment (T = 300(2)−707(5) K). (b) Relative change (%) of lattice parameters a, c, and cell volume V at various temperatures. (The data at
100(2), 200(2), 300(2), and 400(2) K were obtained via single-crystal analysis (see Table S4 in the SI), whereas data up to 707(5) K were obtained
via Guinier diffractograms. HP3-SiS2 shows that a negative NTE is observed only in the temperature range of 100(2)−200(2) K (see Table S4 in the
SI). Up to 707(5) K, parameter c shows lower, but slightly positive, thermal expansion. For parameter a, the thermal expansion is in the same range
as parameters a, b, and c in the three-dimensional net of HP2-SiS2.) (c) Diamond2 view27 of HP3-SiS2 along the [100] axis with anisotropic
displacement ellipsoids of 50% probability at 300(2) K (Table S4 in the SI), showing that the corner sharing of distorted tetrahedra builds a network.
(d) View on 16 distorted tetrahedra of HP3-SiS2 along the [010] axis at 300(2) K with S−S distances in corner-sharing distorted SiS4 tetrahedra with
large voids between them. (e) Distances (Å) and angles (deg) (experimental errors of ±0.002 Å and ±0.02°, respectively) for tetragonal HP3-SiS2
are summarized (data taken from Table S3 in the SI).
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HP3 I4̅2d  
4 GPa 

β-cristobalite-like 
same as CO2 at 

40 GPa 

What happens in SiS2 at even higher pressure?
A denser tetrahedral phase or an octahedral one?

SiS2 at high pressure (Evers et al.)



Evolutionary structure search for SiS2

• Xtalopt code and VASP used 
• 6 and 12 atoms in unit cell 
• p = 10, 30, 60, 100 GPa 
• more than 1000 structures at each pressure 
• 3 low-enthalpy layered octahedral polytypes were 

found, P-3m1, P63mc, R-3m 
• the most stable one is P-3m1, CdI2-type structure, 

one layer per unit cell 
• becomes thermodynamically stable at 4 GPa, 

densification by 19 % 
• the same structure is found at p=0 in SnS2, SiTe2



Layered octahedral structures of SiS2



Thermodynamical stability of phases

• vdW calculated within the Tkatchenko-Scheffler scheme 
• HP3 appears metastable, could be a kinetic effect 
• at p=0 NP and HP1 appear nearly degenerate



Band structure of the P-3m1 phase 

indirect gap semiconductor, metallizes at 40 GPa



Pressure evolution of e-DOS at EF

remains poor metal even at high pressure



Octahedral monolayer SiS2 band structure

1 eV indirect band gap semiconductor
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Creating new layered structures at 
high pressures: SiS2
Dušan Plašienka1, Roman Martoňák1 & Erio Tosatti2,3

Old and novel layered structures are attracting increasing attention for their physical, electronic, and 
frictional properties. SiS2, isoelectronic to SiO2, CO2 and CS2, is a material whose phases known 
experimentally up to 6 GPa exhibit 1D chain-like, 2D layered and 3D tetrahedral structures. We present 
highly predictive ab initio calculations combined with evolutionary structure search and molecular 
dynamics simulations of the structural and electronic evolution of SiS2 up to 100 GPa. A highly stable 
CdI2-type layered structure, which is octahedrally coordinated with space group P m3 1 surprisingly 
appears between 4 and up to at least 100 GPa. The tetrahedral-octahedral switch is naturally expected 
upon compression, unlike the layered character realized here by edge-sharing SiS6 octahedral units 
connecting within but not among sheets. The predicted phase is semiconducting with an indirect band 
gap of about 2 eV at 10 GPa, decreasing under pressure until metallization around 40 GPa. The 
robustness of the layered phase suggests possible recovery at ambient pressure, where calculated 
phonon spectra indicate dynamical stability. Even a single monolayer is found to be dynamically stable 
in isolation, suggesting that it could possibly be sheared or exfoliated from bulk P m3 1-SiS2.

SiS2 is a member of an important family of group IV-VI AB2 compounds made of light elements including 
well-known materials such as CO2

1–14, SiO2
15–22, GeO2

23–27  and CS2
28–31. Limited to relatively low pressures, the 

structural evolution of SiS2 has also been accurately described32. The ambient-pressure stable phase known as 
NP-SiS2 has orthorhombic Ibam structure and consists of distorted edge-sharing tetrahedra forming 1D chains 
which interact via weak van der Waals forces32–40. At 2.8 GPa, a first high-pressure phase HP1-SiS2

32,36 appears, 
with monoclinic space group P21/c, by interconnection of the NP-SiS2 chains to form 2D layers32. The connectiv-
ity pattern changes from each tetrahedron sharing two edges in the NP phase to sharing one edge and two corners 
in HP132. The very same structure was recently predicted to be stable at pressures beyond 30 GPa in CS2

31. Further 
increase of pressure leads to the HP2-SiS2 phase at 3.5 GPa32,36, again with P21/c space group, and again with edge- 
and corner-sharing tetrahedra, in this case, however, with a 3D connectivity network with large cavities32. Finally, 
at 4 GPa, a tetragonal I d42  structure denoted as HP3-SiS2 takes over, a phase formed by strictly corner-sharing 
tetrahedra that are slightly distorted and span the whole three-dimensional space32–34,36–38. The same structure as 
HP3-SiS2 is adopted by CO2 phase V at high pressures5 and it can be viewed as a partially collapsed version of SiO2 
β-cristobalite6.

The phase diagram of silicon disulfide at pressures higher than 6 GPa remains unknown experimentally. Evers 
et al.32 reasonably hypothesized that at higher pressures such as 10–20 GPa, SiS2 might adopt a six-fold, octahe-
dral Si coordination, accompanying a density increase. An alternative scenario might be the creation of a denser 
tetrahedral phase such as coesite in SiO2. Work is clearly needed to explore the high pressure phases of SiS2. While 
of course future experimental work is called for, experience of the last decade has shown that state-of-the-art 
density-functional based crystal structure search can be extremely predictive.

By means of a well-tested, highly reliable protocol consisting of ab initio electronic structure calculations 
combined with evolutionary search for crystal structure prediction41,42 and with constant-pressure molecular 
dynamics (MD) simulations, we undertook a fresh theoretical exploration of high-pressure phases of SiS2 up to 
100 GPa. While confirming first of all the presence and stability of the known low-pressure tetrahedral phases, 
our study predicts three new structures with octahedral, six-fold Si coordination at higher pressures. While that 
confirms previous expectations, the surprise is that the new structures are layered. We analyze their structural and 
electronic properties in detail at all pressures, including properties of a single octahedral monolayer which is pre-
dicted to survive in a metastable state, should one succeed to shear off and exfoliate it away from the bulk layered 
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Experiment: octahedral SiS2

More Than 50 Years after Its Discovery in SiO2 Octahedral
Coordination Has Also Been Established in SiS2 at High Pressure
Jürgen Evers,*,† Leonhard Möckl,† Gilbert Oehlinger,† Ralf Köppe,‡ Hansgeorg Schnöckel,*,‡
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ABSTRACT: SiO2 exhibits a high-pressure−high-temperature polymorphism, leading to an increase in
silicon coordination number and density. However, for the related compound SiS2 such pressure-induced
behavior has not been observed with tetrahedral coordination yet. All four crystal structures of SiS2 known
so far contain silicon with tetrahedral coordination. In the orthorhombic, ambient-pressure phase these
tetrahedra share edges and achieve only low space filling and density. Up to 4 GPa and 1473 K, three phases
can be quenched as metastable phases from high-pressure high-temperature to ambient conditions. Space
occupancy and density are increased first by edge and corner sharing and then by corner sharing alone. The
structural situation of SiS2 up to the current study resembles that of SiO2 in 1960: Then, in its polymorphs
only Si−O4 tetrahedra were known. But in 1961, a polymorph with rutile structure was discovered:
octahedral Si-O6 coordination was established. Now, 50 years later, we report here on the transition from 4-
fold to 6-fold coordination in SiS2, the sulfur analogue of silica.

1. INTRODUCTION

It is very well known1 that the most common elements in the
earth’s crust are oxygen (49.4 wt %) and silicon (25.4 wt %).
The binary compound silica (SiO2) incorporating these
elements is the most abundant oxide on the surface of the
earth.2 It plays an important role in the physics and chemistry
of the upper earth’s crust and has a wide spectrum of
technological applications.3 The compositional simplicity of
this compound is accompanied by a considerable structural
complexity.4 The ambient-pressure minerals quartz,5 tridymite,6

and cristobalite,7 all with a silicon coordination number (CN)
of 4, exist in both low- and high-temperature forms. In 1961, a
remarkable discovery was made by Stishov and Popova in
Russia.8 They treated quartz with pressures between 10 and 18
GPa at temperatures between 1473 and 1673 K.9 With this,
they obtained a microcrystalline high-pressure (HP) phase that
could be quenched as a metastable phase to ambient conditions
and indexed from the X-ray powder pattern as being the
tetragonal rutile (TiO2) structure. The density of 4.35 g·cm−3

represents an increase in relation to quartz of 62%.8 With the
rutile structure, the first SiO2 polymorph was established in
which six oxygen atoms are coordinated as an octahedron
around the central silicon atom, instead of the four oxygen
atoms in a tetrahedron.

In 1962, Chao et al.10 investigated Coconino Sandstone of
the Meteor Crater in Arizona. The most abundant phase was
quartz, with small amounts of coesite11 and still less of the new
high-pressure SiO2 polymorph with rutile structure. In addition,
the new HP-polymorph of SiO2 was also detected in coesite-
bearing suevite of the Ries Crater in Bavaria.11,12 Thus, the new
HP-polymorph of SiO2 occurred naturally on the earth as a
mineral. Chao et al. named it stishovite.10

Considering only valence electrons (e), SiO2 and SiS2 are
both 16e systems. Such electron counts are observed in the
symmetric linear three-atomic species CO2, N2O, N3

−, OCN−,
CNO−, NO2

+, CN2
2−, or BN2

3−. Up to 2015, however, only
four crystal structures had been detected for solid SiS2, all with
a silicon CN of 4.13 Therefore, the structural situation in SiS2
resembles that of SiO2 before the discovery of Stishov and
Popova in 1961.8

The ambient pressure (NP) phase NP-SiS2 was first
characterized in 1935 by Zintl and Loosen14 and also by
Büssem et al.15 as orthorhombic.13 It consists of edge-sharing
Si−S4 tetrahedra running parallel to the c-axis. SiSe2

16 and the
beryllium dihalogenides BeX2 (X = Cl, Br, I),17 also with 16e,
are isotypic to NP-SiS2.

13−15 The missing dihalogenide BeF2
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XRD pattern and Raman spectrum

theoretical prediction of the P-3m1 octahedral phase fully confirmed, 
Evers et al. (2016)

has at lower temperature a α-quartz structure and at higher
temperature a β-quartz structure.18

The first HP investigations on SiS2 (6.0−6.5 GPa, 1148−
1573 K) were performed by Silverman and Soulen in 196419

and Prewitt and Young in 1965.20 Silverman and Soulen
indexed only the X-ray powder patterns with a tetragonal
lattice,19 but Prewitt and Young solved via a single-crystal
investigation the whole structure, here called HP3-SiS2.

20 It
consists of slightly distorted Si-S4 tetrahedra that share all
corners and build up a three-dimensional net. Neglecting the
symmetry properties, HP3-SiS2 can be compared with the α-
quartz structure in which also all corner-sharing tetrahedra form
a three-dimensional net.
The remaning two HP phases, here called HP1- and HP2-

SiS2, form the missing links between the two extremes of only
edge-sharing (NP-SiS2) and only corner-sharing (HP3-SiS2).
Both phases contain Si-S4 tetrahedra in which one edge and
two corners are connected to neighboring tetrahedra. HP1-
SiS2

13 builds up a layer structure, and HP2-SiS2 forms a three-
dimensional net.13 From packing analyses in HP1-, HP2-, and
HP3-SiS2 it was derived in 2015 that “a large increase of the
density may be possible if the applied pressure is increased up
to 10−20 GPa”, changing the coordination of the silicon from
tetrahedral to octahedral.13

In this paper, we report on the preparation and character-
ization by X-ray powder diffraction and also by Raman
spectroscopy of HP4-SiS2 with the CdI2 structure,

21 featuring
octahedral Si-S6 coordination.

2. RESULTS AND DISCUSSION
The X-ray diffraction pattern collected at the lowest
experimental pressure of 2.6 GPa can be assigned to the NP-
SiS2 orthorhombic Ibam structure with lattice parameters a =
9.27(2), b = 5.35(2), c = 5.29(2) Å, consistent with the
ambient-pressure single-crystal data.13 According to the X-ray
diffraction patterns collected at room temperature and the
isothermal compression (Figure 1), the NP-SiS2 phase remains
stable up to approximately 7 GPa, at which pressure the
appearance of the new diffraction peaks indicates the onset of
the structural phase transition.
The transition to the new high-pressure phase appears to be

very sluggish, with a broad pressure range in which there is a
two-phase coexistence. The single-phase diffraction patterns
collected at a pressure of 27.5 and 29.6 GPa (Figure 1) can be
unambiguously indexed with the CdI2 structure (a = 3.179(5)
Å, c = 5.059(10) Å, c/a = 1.59, V = 44.3(2) Å3; a = 3.174(3) Å,
c = 5.022(8) Å, c/a = 1.58, V = 43.8(2) Å3, respectively). Here,
the lattice parameter c is more easily compressed than a. This
leads to lowering of the axial ratio c/a with increasing high
pressure, as a result of the weak van der Waals bonding in the c-
direction. Despite pressure-induced line broadening, preferred
orientation effects, and strong background (due to Compton
electron scattering in stressed diamond anvils), Rietveld
refinement of the diffraction patterns collected at the highest
experimental pressure of 27.5 and of 29.6 GPa (Figure 1)
provide good agreement with the suggested CdI2 structure of
the HP4-SiS2 phase. During the transformation, the color of the
SiS2 sample changes from white at low pressure via yellow and
brown to black at very high pressure, indicating a possible
insulator−metal transition.
Raman spectroscopy studies performed at room temperature

indicate the pressure-induced structural phase transition to the
HP4-SiS2 phase also with the CdI2 structure. The low-pressure

Raman spectrum recorded at 1 GPa (Figure 2) is in full
agreement with ambient-pressure Raman spectra of the NP-
SiS2 phase.13 At pressures up to approximately 7 GPa, all
observed vibrational peaks show normal pressure-induced shift
to higher frequencies. The appearance of a new peak with a
frequency of approximately 414 cm−1 in the spectrum at 7.4
GPa indicates the onset of the phase transition to the HP4-SiS2
phase, similarly to our X-ray diffraction data. Raman spectros-
copy data as well indicate a broad range of the phase
coexistence, so that a single-phase spectrum is observed only
at a pressure above 22 GPa. The Raman spectrum of HP4-SiS2
contains only two vibrational lines, at 294 and 453 cm−1, which
can be assigned to Eg and A1g Raman-active vibrational modes
predicted by the group theory for the P3̅m1 space group. The
observed Raman spectra of the HP4-SiS2 phase are very similar
to those of other compounds crystallizing in the CdI2 structure,
e.g., TiS2

23 and SnS2.
24 Thus, both X-ray diffraction and Raman

Figure 1. Diffraction patterns of SiS2 at different pressures collected at
room temperature. Appearance of new diffraction peaks (marked with
down-directed arrows) in the pattern at 6.9 GPa indicates an onset of
structural phase transition to the HP4-SiS2 phase. The strongest
reflections of the NP-SiS2 phase (unresolved (110) and (200)
reflections and (211) peak) are seen in the pattern at 17.8 GPa as
marked by up-directed arrows. The single HP4-SiS2 phase diffraction
pattern at 27.5 GPa is indexed with the CdI2 structure

21 (tP3, P3 ̅m1 , Si
1a, (0, 0, 0), S 2d, (1/3, 2/3, 0.250), a = 3.179(3) Å, c = 5.059(10) Å,
c/a = 1.59, V = 44.3(2) Å3) by the Rietveld technique22 with Rp =
0.0094, Rwp = 0.0141, and RBragg = 0.225. At the top of the figure the
Rietveld refinement of the single-phase diffraction pattern for HP4-
SiS2 at 29.6 GPa is shown. The experimental and calculated patterns
are shown as open circles and a red line, respectively. Vertical bars
indicate the calculated peak positions. The difference plot (blue line) is
on the same scale.
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spectroscopy studies unambiguously indicate pressure-induced
structural phase transition to the HP-4 SiS2 phase, featuring a
CdI2 structure with an octahedral coordination of the Si atom.
The CdI2 structure of SiS2 remains stable up to pressures well
above 43.7 GPa (Figure 2). Contrary to stishovite, HP4-SiS2
cannot be quenched to its ambient condition as a metastable
phase. In Figure 3, two views of the CdI2 structure for HP4-SiS2
with octahedral Si-S6 coordination are shown.
The distances Si−S, Si−S, and S−S for HP4-SiS2 can be

derived from the lattice parameters of the CdI2 structure at 12.7
GPa (a = 3.222(3) Å, c = 5.308(5) Å), obtained by the Rietveld
technique (Si−S 2.29(1), Si−Si 3.22(1), S−S 3.22(1), 3.24(1)
Å). For NP-SiS2, the structural data at 1 bar and 300 K (Si−S
2.130(2), Si−Si 2.776(3), S−S 3.231(4), 3.577(4), 3.615(4)

Å), obtained from a single-crystal investigation,13 can be
converted to 12.7 GPa. The volume VNP,12.7 GPa for NP-SiS2 at
12.7 GPa with z = 1 is calculated from the lattice parameters of
the HP diffractogram; VNP,12.7 GPa = (8.82 × 5.09 × 5.04)/4 =
226.26/4 = 56.6 Å3. The volume at ambient pressure
(VNPambient) for NP-SiS2 with z = 1 is calculated from the
lattice parameters13 with z = 4: VNP,ambient = (9.6095 × 5.61595
× 5.5528)/4 = 299.85/4 = 74.96 Å3. From the cubic root of the
ratio of the two volumes (56.6, 74.96 Å3) one can derive a
compression factor fcom = (56.6/74.96)0.33333 = 0.911,
neglecting the different compressibilities of the lattice
parameters a, b, and c in NP-SiS2. Therefore, one can derive
the distances at 12.7 GPa from that of the ambient one by
multiplying them by 0.911; for example, the tetrahedral Si−S
distance at 1 bar of 2.130(2) Å is converted to 0.911 × 2.130 Å
= 1.94(1) Å at 12.7 GPa, the Si−Si distances to 0.911 × 2.776 =
2.53(1) Å, and the S−S distances to 0.911 × 3.231 Å = 2.94 Å,
to 0.911 × 3.577 Å = 3.26(1) Å, and to 0.911 × 3.615 Å =
3.29(1) Å with an average value of 3.16 Å.
In Figure 4a, a Si-S4 tetrahedron of NP-SiS2 is compared to a

Si-S6 octahedron of HP4-SiS2, both at 12.7 GPa (Figure 4b).

The transformation of Si-S4 tetrahedra in NP-SiS2 above 12
GPa into Si-S6 octahedra of the CdI2 structure fulfills three
principles for high-pressure chemistry: (1) The pressure-coordina-
tion principle derived by Neuhaus26 states that application of
high pressures onto a compound leads often to an increased
CN. Here, Si-S4 tetrahedra with CN 4 are transformed into Si-
S6 octahedra with CN 6. (2) The pressure-distance paradox
derived by Kleber27 states that during a high-pressure
transformation distances often increase in the HP phase.
Inspection of Figure 4 shows that this principle is fulfilled for
the transformation of NP-SiS2 into HP4-SiS2.

28 (3) The
pressure-homologue principle derived by Wentorf29 states that
often HP crystal structures resemble the structures of the
analogous compound made up of heavier elements in the
periodic table. A compound made of heavier elements in the
periodic table is SnS2 with CdI2 structure at ambient pressure
(a = 3.645(1) Å, c = 5.891(1) Å).23

The structural change under high pressure for five SiS2
phases (NP, HP1, HP2, HP3, HP4) is easily understood if
one compares the graphs of total energy E (Ryd) as a function
of decreasing volume V, bearing in mind that HP1-, HP2-, and
HP3-SiS2 were synthesized in a belt-type apparatus between 2.8
and 4.0 GPa and 1373 to 1473 K.13 In Figure 5, the graphs for
the five SiS2 structures, calculated with the DFT program
WIEN2k,30 are shown. Inspection of Figure 5 shows that NP-

Figure 2. Raman spectra of SiS2 at various pressures collected at room
temperature. The appearance of new peaks (marked with a down-
directed arrow in the spectrum at 7.4 GPa indicates an onset of the
structural phase transition to the HP4-SiS2 phase. The single-phase
spectrum of the HP4-SiS2 phase at 22.5 GPa contains two vibrational
modes, Eg and A1g, as expected for the CdI2 structure.

Figure 3. Crystal structure of the HP4-SiS2 phase. (a) Diamond225

view along [110] on one unit cell of trigonal HP4-SiS2. The sulfur
atoms build up hexagonal close-packed layers with sequence A, B, ...,
with silicon atoms filling half of the octahedral voids. For the ideal axial
ratio c/a = 1.633 all 12 octahedral S−S edges are equidistant. For
reasons of clarity only two Si−S6 octahedra are shown, centered at z =
0 and z = 1. (b) Diamond2 view of the two layers of corner-shared Si−
S6 octahedra. Between the layers (A, B)...(A, B)... only weak van der
Waals bonding is present, denoted by dotted lines (...).

Figure 4. Coordinational units in SiS2. (a) Diamond2 view of a Si-S4
tetrahedron at 12.7 GPa. Distances have been estimated from the
distances at ambient pressure, applying the correction factor 0.911 (see
text). (b) Diamond2 view of a Si-S6 octahedron at 12.7 GPa. Distances
have been derived from the measured diffractogram.
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Dichalcogenides are known to exhibit layered solid phases, at ambient and high pressures, where 2D
layers of chemically bonded formula units are held together by van der Waals forces. These materials
are of great interest for solid-state sciences and technology, along with other 2D systems such as
graphene and phosphorene. SiS2 is an archetypal model system of the most fundamental interest
within this ensemble. Recently, high pressure (GPa) phases with Si in octahedral coordination by
S have been theoretically predicted and also experimentally found to occur in this compound. At
variance with stishovite in SiO2, which is a 3D network of SiO6 octahedra, the phases with octahedral
coordination in SiS2 are 2D layered. Very importantly, this type of semiconducting material was
theoretically predicted to exhibit continuous bandgap closing with pressure to a poor metallic state at
tens of GPa. We synthesized layered SiS2 with octahedral coordination in a diamond anvil cell at 7.5-9
GPa, by laser heating together elemental S and Si at 1300-1700 K. Indeed, Raman spectroscopy up to
64.4 GPa is compatible with continuous bandgap closing in this material with the onset of either weak
metallicity or of a narrow bandgap semiconductor state with a large density of defect-induced, intra-gap
energy levels, at about 57 GPa. Importantly, our investigation adds up to the fundamental knowledge
of layered dichalcogenides. Published by AIP Publishing. https://doi.org/10.1063/1.5011333

I. INTRODUCTION

The class of 2D materials is commonly thought to con-
stitute one of the leading candidates toward new technologies,
which could influence practically all fields of human activity
in the near future.1 Beyond graphene, current research is now
focusing on other bi-dimensional compounds such as phos-
phorene and dichalcogenides. 2D materials are made of either
a single layer or a few layers of a 3D parent bulk layered solid,
such as graphite for graphene, where layers of chemically
bonded formula units are held together by van der Waals forces
and can be easily exfoliated. Dichalcogenides are a broad class
of materials exhibiting layered phases, whose structural and
transport properties can be well tuned by applied pressure.
For instance, in transition metal dichalcogenides, several high
pressure, solid-solid phase transitions have been found so far

a)Email: santoro@lens.unifi.it

between layered phases, usually connected to the insulator-to-
semimetal transition driven by the optical bandgap closing.2–6

Other possibilities include structural transitions which still pre-
serve the 2D layered character, e.g., a layer sliding transition
found in MoS2

2,4,7,8 or an increase of coordination inside the
layers predicted in MoTe2.9 At even higher pressures in the
Mbar range, the layered character may be lost and genuine
3D phases are formed instead as predicted, e.g., in MoS2 and
MoSe2.9,10

SiS2 belongs to this important class of compounds and,
specifically, to the subclass of group IV dichalcogenides such
as CO2, SiO2, GeO2, and CS2. The sequence of phases of
silicon-disulfide observed in the range 0-6 GPa includes four
different structures, all made of SiS4 tetrahedra with increas-
ing connectivity from 1D to 3D upon increasing pressure and
with van der Waals interaction between chains (1D connectiv-
ity) and between layers (2D connectivity).11–19 Very recently,
evolutionary search based on density functional theory (DFT)
calculations surprisingly predicted three different 2D layered
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phases in SiS2: P3̄m1, P63mc, and R3̄m, with silicon in octa-
hedral coordination by sulfur, to become more stable than the
tetrahedrally coordinated phases above 4 GPa, P3̄m1 being
the most stable structure up to 100 GPa.20 In all these phases,
the SiS6 units share their edges within the layers, which in
turn interact only via van der Waals forces. The tetrahedral-
octahedral switch is quite general in group IV compounds upon
compression, but there are also remarkable differences among
these systems. For instance, in SiO2 and CO2, the coordina-
tion increase of Si and C leads to full 3D networks rather than
layers above 10 GPa and 800 GPa, respectively.21,22 Interest-
ingly, all the three layered octahedral phases of SiS2 were
theoretically found to undergo a continuous pressure-induced
decrease of the indirect bandgap until metallization20 with no
further structural changes, a behavior that SiS2 shares with
other dichalcogenides4–7,23 and that, for this particular sys-
tem, was predicted to lead to metallization at around 30 GPa,
within the Generalized Gradient Approximation (GGA) for
the exchange-correlation functional. On the other hand, since
the GGA approximation tends to underestimate the value of
the bandgap and, consequently, the pressure of metallization,
the electronic band structure calculations were repeated for
the P3̄m1 structure also using the HSE06 hybrid functional
that includes exact exchange, which is thereby a more reli-
able approximation in this respect.20 In this case, the bandgap
was found to be equal to about 2 eV at 10 GPa and metalliza-
tion was predicted to occur at 40 GPa. At this pressure, the
gap closes by band overlap between the � point (top of the
valence band, with large S-character) and the K-point (bottom
of the conduction band, with large Si-character), and above this
pressure, SiS2 remains a rather poor metal with low density of
states (DOS) near the Fermi energy even at 100 GPa. Indeed,
DOS at the Fermi energy is lower than its maximum value
by one order of magnitude, still at 100 GPa. The theoretical
robustness of the P3̄m1 layered phase then also suggested pos-
sible recovery at ambient pressure, even in a single monolayer,
which in turn would be a real 2D system. In a parallel exper-
imental investigation, the P3̄m1 phase was indeed obtained
upon compression of SiS2 above 7.4 GPa, as shown by struc-
tural refinement of the X-ray diffraction patterns, which were
measured up to 30 GPa.24 Also, Raman spectra reported up to
44 GPa at just four selected pressures exhibit only two vibra-
tional peaks in the 270-540 cm 1 frequency range, consistent
with Raman active vibrational modes predicted by group the-
ory for the P3̄m1 space group. On the other hand, that study
does not provide quantitative clues on pressure behavior of
the bandgap although it is reported that the sample was chang-
ing the color from white at low pressure to yellow and brown
to black at the maximum pressure. Here we present a study
on SiS2 under pressure in a diamond anvil cell (DAC), where
layered, octahedrally coordinated SiS2 was first directly syn-
thesized by laser heating a mixture of the elements Si and S at
7.5-9 GPa and then compressed up to about 64 GPa. Accurate
determination of pressure dependence of intensity and line-
shape for the Raman peaks indicates a continuous bandgap
closing finally leading, at about 57 GPa, to either metalliza-
tion or a narrow bandgap semiconductor state with a large
density of defect-induced, intra-gap energy levels. Overall, our
experimental results are compatible with DFT predictions on

pressure-induced bandgap closing of these materials although
onset pressure values differ slightly.

II. METHODS AND PROCEDURES

SiS2 is extremely hygroscopic and all contact with air
moisture must be avoided during DAC loading procedures.
At variance with previous experimental work under pressure,
where SiS2 was synthesized from the vapor of the elements
in a silicon glass tube and then transferred in the DAC with
no pressure transmitting medium (PTM),24 we synthesized the
compound in situ from the elements directly in the DAC with
argon as the PTM. Our DAC was equipped with 300 µm culet
beveled diamonds and a Re gasket with an initial hole of typi-
cally 100 µm diameter and 40 µm thickness. We then inserted
two chips of powder clusters of high purity elemental S and
Si, respectively, one on top of the other in the sample chamber
together with a ruby chip for pressure measurements based on
the ruby fluorescence method25 (Fig. 1), and argon was finally
gas-loaded at 2000 bars. The S and Si chips were of typical
lateral size of 20-30 µm, Si being slightly smaller than S. After
loading, the Si/S sample was compressed at room temperature
and the Raman spectrum was measured with pressure steps of
about 1 GPa, up to about 7.5 GPa. At the highest pressure, the
spectra showed a sharp phonon peak of crystalline Si and a
broad doublet for S–S stretching in S, which was amorphous
as a result of combined compression and green laser irradia-
tion (Refs. 26 and 27 and references therein) (Fig. 1). We then
laser-heated the Si/S sample at the starting pressure of 7.5 GPa
up to 1300-1700 K, over an area of less than 15⇥ 15 µm2,
in order to melt together and react elemental Si and S. The
choice of this pressure for laser heating was accurately made
for at least two reasons. First, the melting temperature of Si
is close to its minimum value, near to 1000 K at 10 GPa,28

while the melting temperature of S is below 1000 K.29 Sec-
ond, the octahedral SiS2 material we wish to study becomes
stable precisely at and above this pressure.20,24 After laser
heating, the sample was temperature-quenched with a final

FIG. 1. Raman spectra of the Si/S mixture under pressure, before (elemental
Si and S) and after (layered, l, octahedral, o SiS2) laser heating. Inset: sample
configuration. Blue and grey: diamond anvils and gasket. Yellow and black
slabs: S and Si, respectively. Horizontal arrows at the top and at the bottom
point to green and near IR laser beams used for Raman spectroscopy and for
sample heating (double side), respectively.
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pressure of about 9 GPa where layered, octahedral SiS2 was
detected over a reduced area with a lateral size of a few
microns, as indicated by the two sharp Raman peaks at around
270 cm 1 and 420 cm 1, respectively, already assigned to
this material24 (Fig. 1). The additional weak peak at around
350 cm 1, which rapidly disappears upon increasing pressure
(Fig. 2), is likely to be due to a metastable remnant of the
low-pressure tetrahedral phase.24 This high pressure-high tem-
perature synthesis procedure of SiS2 has been found to be very
reproducible.

Double-sided laser heating was performed by using a
CW solid-state laser at 1064 nm with a maximum power of
40 W. The laser was split into two beams, which were then
focused on the two opposite sample sides through two 10⇥
near-infrared (NIR) Mitutoyo micro-objectives, respectively,
down to spots with a lateral size of a few microns. Temper-
ature measurements based on thermal radiation spectroscopy
were conducted at both heated sides. Based on preliminary
separate laser heating tests on pure Si and S, we realized that
Si efficiently absorbed the NIR laser at our pressures, whereas
the absorption by S was rather poor. Therefore, in the case
of the Si/S mixture, it was mainly Si that was heated up by
the laser, subsequently transferring the heat to the attached

S chip. We performed laser heating through a mesh of about
15 ⇥ 15 µm2, step 5 µm, with a heating time of about 10 s
per point. Raman spectroscopy was then carried out on the
temperature-quenched sample by using the 532 nm line of a
frequency doubled Nd:YAG laser as the excitation source.
Backscattering geometry was used with a 20⇥micro-objective,
with a few microns laser spot. The signal, once filtered by
notch filters, was detected by a single Acton/SpectraPro 2500i
monochromator, equipped with a CCD detector (Princeton
Instruments, PIXIS: 400). The Raman spectral resolution was
about 1 cm 1, and Raman diamond edge was also used to
measure pressures.30 In this study, a selected sample of lay-
ered octahedral SiS2 was compressed up to about 64 GPa and
Raman spectra were measured upon increasing pressure.

Theoretical Raman spectra of layered, octahedral SiS2
were calculated within the local-density approximation (LDA)
by the Quantum Espresso package,31 which calculates besides
phonon frequencies the non-resonant Raman intensities
using the second-order response.32 Norm-conserving Perdew-
Zunger (LDA) pseudopotentials were employed along the
energy cutoff of 950 eV for plane wave expansion. Fine
k-point meshes of 35 ⇥ 35 ⇥ 21 were used for 3-atomic P3̄m1
unit-cells at all pressures.

FIG. 2. (a) Selection of Stokes and anti-Stokes Raman spectra of temperature-quenched, layered, octahedral SiS2 measured upon increasing pressure up to 64.4
GPa (blue lines), together with the fitting function of Eq. (1) for all peaks (red lines). Spectral intensities have been normalized by the integrated intensity of
the Stokes diamond peak. [(b) and (c)] Sub-selection of spectra for the two Stokes Raman peaks, respectively, showing the pressure-induced broadening and
asymmetry (see text). Dots: experimental spectra; red lines: fitting function of Eq. (1); blue, continuous line at 64.4 GPa: Fano line-shape fit. Spectral intensities
have been normalized by the same peak intensity and then vertically shifted for the sake of clarity.
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III. RESULTS AND DISCUSSIONS

In Fig. 2, we report a selection of Raman spectra of
temperature-quenched, layered, octahedral SiS2 measured
upon compression up to about 64.4 GPa, together with a fit-
ting function, which we will further discuss below. The weak
and broad peaks of residual amorphous S along with a linear
background have been subtracted out in the fitting procedure.
Note the positive pressure shift and the pressure-induced line
broadening for both sharp peaks, along with a general intensity
decrease upon increasing pressure by about one (slightly less
than one) order of magnitude for the high frequency (low fre-
quency) peak [Fig. 2, panel (a)]. We can reasonably attribute
the intensity drop to two simultaneous and independent effects,
both related to either pressure-induced approaching of metal-
lization or transformation to a narrow bandgap semiconductor
with a large number of defect-related, intra-gap energy levels.
One effect is the increase of optical absorption and the conse-
quent decrease of the scattering volume, which can amount to
an optical wavelength or less in the metallic or nearly metallic
state, and the other effect is the Raman cross section reduction.
This reduction, in turn, originates from the dielectric func-
tion becoming very large and complex and, as a consequence,
rather insensitive to phonon driven fluctuations. Therefore, the
Raman intensity drop is well compatible with this material
undergoing pressure-induced bandgap closing, as predicted
by DFT simulations;20 on the other hand, this phenomenon is
likely to occur within the same phase since we do not observe
changes in the number of Raman peaks. It should be noted
however that the intensity drop alone is caused by optical
absorption at 532 nm and does not therefore support the trans-
formation to a metallic state or to a strongly defective narrow
bandgap semiconductor sufficiently. A much more stringent
proof of this type of transformations is our additional observa-
tion of pressure-induced line-shape asymmetry. Beginning at
some pressure, i.e., at about 57 GPa, both Raman peaks sud-
denly develop an increasing asymmetry, with a more marked
broadening on the high frequency side [Fig. 2, panels (b) and
(c)]. Several potential reasons for this pressure-induced asym-
metry such as occurrence of a phase transition and sample
bridging between the diamonds can be straightforwardly ruled
out. At a phase transition, new Raman peaks should appear or,
at least, the phase transition should affect the smoothness of
the pressure shift of Raman frequencies, which was not the
case here (see Fig. 3). Then, the thickness of the SiS2 sample
was always smaller than the gasket thickness along the entire
compression run, as we checked by using white light fringes
of transmitted light along with direct observations through the
microscope, which totally ruled out the possibility of sample
bridging. Therefore, it is very reasonable to suggest a different
origin for the peak asymmetry. Indeed, we suggest that this
asymmetry can only arise if the sample is metallic or nearly
metallic because only this type of states possesses very low
frequency electron-hole pair excitations with which the optical
phonon modes can resonate and interfere. As described long
ago by Fano (see Ref. 33 and references therein), the increas-
ing line-shape asymmetry provides a measure of the rate of
interference, which in the present case is proportional, through
Fermi’s golden rule, to the metallic or nearly metallic density

FIG. 3. Pressure shift of the two mode frequencies of layered, octahedral
SiS2 observed in this work (black circles), together with literature experi-
mental data (blue squares)24 and calculated in this work DFT values for the
P3̄m1 phase (red circles). Second-order polynomial curves, p + qP + rP2,
have been fit to the experimental data points of this work (black lines), with
p = 247.1 cm 1 (391.2 cm 1), q = 2.829 GPa 1 cm 1 (3.542 GPa 1 cm 1),
and r = 1.406 ⇥ 10 2 GPa 2 cm 1 ( 2.093 ⇥ 10 2 GPa 2 cm 1). The values
in parenthesis are for the high frequency mode.

of states close to the Fermi level. As a proof of metalliza-
tion, Fano’s line-shape asymmetry was used, for example, for
heavily doped crystalline silicon,33 germanium, and GaAs.34

In undoped crystalline silicon, germanium, and GaAs, the
Raman peak for the optical phonon has a Lorentzian line-
shape, appropriate for a damped harmonic oscillator. In heavily
doped samples, instead, the line-shape turns to an asymmetri-
cally distorted Lorentzian,33,34 similar to ours, which increases
upon increasing the level of doping, i.e., of metallicity. We first
tried to fit the very same model line-shape to the peaks of our
SiS2 material to establish the onset of transition to the metallic
or highly defective narrow bandgap semiconductor state and
then derive the pressure dependence of metallicity. Neverthe-
less, the quality of the fit was not entirely satisfactory [see the
blue, continuous lines in Fig. 2, panels (b) and (c) for the max-
imum pressure] since our line-shapes exhibit some amount
of Gaussian, i.e., inhomogeneous character. For this reason,
following the main idea of an asymmetric line-shape due to
free electrons, we empirically fit to our peaks an asymmetric
pseudo-Voigt function35
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1+e�ax and x = v � v0.

In this analytical expression, ⌫ is the Raman shift, the
parameter m balances the homogeneous Lorentzian to the
inhomogeneous Gaussian character of the line-shape, and a
drives the asymmetry. Equation (1) was then fit to both the
Stokes and anti-Stokes peaks. Stokes and anti-Stokes com-
ponents in each Stokes/anti-Stokes pair were constrained to
the same values of the fitting parameters �0, a, ⌫0, whereas

014503-5 Wang et al. J. Chem. Phys. 148, 014503 (2018)

m is the same for all peaks. The results were excellent, as
shown in Fig. 2, allowing us to discuss the pressure behavior
of frequency, intensity, and line-shape based on this proce-
dure. It is worth stressing once again that the choice of Eq. (1)
as the asymmetric fitting function to the Raman peaks has a
pure empirical ground, although this choice was constrained
by at least two important requirements: (i) the function should
fit the peaks very well and (ii) it should mimic the asymme-
try character of the true Fano’s line-shape. It is not unlikely
that other suitable asymmetric functions either based on phys-
ical models or just empirical could be found, in principle.
Indeed, weak pressure-induced metallization by band over-
lap offers a possible reason why a simple Fano line-shape is
not entirely appropriate in our case. Physical models aimed
to design suitable asymmetric functions should consider that
here there are two separate electronic absorption continua of
unknown relative magnitudes due to hole-like and electron-
like electron-hole pairs, respectively, with which a Raman
mode can interfere. On the other hand, all potentially suitable
line-shapes are expected to capture the same essential physics,
bound to some quantitative evaluation of the asymmetry, here
driven by the a parameter, which in turn originates from the
metallic or nearly metallic density of states close to the Fermi
level.

In Fig. 3, we report pressure-induced shifts of the two
mode frequencies of layered SiS2 observed in this work,
together with literature experimental values24 and our freshly
calculated DFT values for the layered, octahedral P3̄m1 phase.
Comparison between the three different sets of data is very
good. As a whole, pressure shift of the frequencies results to
be very smooth and slightly sub-linear. Interestingly, our data
points for each one of the two modes fit to a single polynomial
line, which again confirms that neither phase transitions nor
structural changes occur over the entire investigated pressure
range, in particular at above 57 GPa. This further confirms that
the transformation to a conductive state occurs well within the
very same phase, as predicted by DFT investigations.20

In Fig. 4 (main panel), we report the integrated Raman
intensity of layered, octahedral SiS2 per unit acquisition time,
as the sum of the two peaks, both Stokes and anti-Stokes,
normalized to the integrated intensity of the Stokes diamond
peak, as a function of pressure. Data scattering is mainly due
to spatial inhomogeneity of the sample. The Raman intensity
decreases linearly over the whole 24-57 GPa pressure range
leveling off to almost constant above about 57 GPa. As antic-
ipated above, this is most likely evidence of bandgap closing,
which increases the optical absorption, and hence scattering
volume is decreased and, simultaneously, the Raman cross
section itself is decreased upon approaching the conductive
state. Because we have no evidence of structural changes from
Raman spectra, the clear kink/crossover at about 57 GPa is
not of structural origin and must be due to the transition to the
metallic or nearly metallic state, which we then locate at about
57 GPa. Above this pressure, the weak yet still well visible
Raman peaks are consistent with a poor metal or semimetal,
characterized by a low density of states at the Fermi level.
The negligible pressure dependence of Raman intensity in the
conductive phase signals that density of states at the Fermi
level is very weakly pressure dependent, consistent with DFT

FIG. 4. Main panel: pressure dependence of the total Raman intensity of all
the peaks of layered SiS2, both Stokes and anti-Stokes, normalized to the
integrated intensity of the Stokes diamond peak. A linear behavior, AP+B,
has been fit to data points at pressures below 57 GPa, with A = 8.33 ⇥ 10 2

GPa 1 and B = 5.03. Above 57 GPa, Raman intensity is almost constant. Inset:
pressure dependence of the measured Stokes/anti-Stokes intensity ratio for the
high (squares) and the low (triangles) frequency Raman peaks, respectively,
together with the corresponding theoretical behaviors for non-resonant Raman
scattering (continuous lines).

findings.20 Our results also lead us to model, at least par-
tially, the pressure dependence of the optical absorption coef-
ficient ↵. Indeed, in the limit of absorption length being very
small with respect to the sample thickness, which is correct
at pressures close to metallization, ↵ increases vs. pressure as
↵ = K�/(AP + B). In this relationship, P is the pressure, A
and B are the parameters of the linear regression for pressure
dependence of the Raman intensity (see Fig. 4), K is a con-
stant, and � is the Raman cross section, which also depends on
pressure. The linear fit to our data points for Raman intensity
at pressures below 57 GPa gives A = 8.33 ⇥ 10 2 GPa 1 and
B = 5.03.

In the inset of Fig. 4, we also report pressure depen-
dence of the measured Stokes/anti-Stokes intensity ratio for the
two Raman peaks (squares and triangles), which fairly agrees
with the corresponding theoretical behavior for non-resonant
Raman scattering (continuous lines). This ratio increases as a
result of pressure hardening of both frequencies. On the other
hand, significant mismatch between the experimental and the
non-resonant theoretical behavior should be observed when
the optical bandgap approaches resonance with the laser line
(2.331 eV) upon decreasing it with rising pressure. Our results
indicate that such a resonance is still far to be achieved, which
in turn totally agrees with DFT simulations showing that the
direct bandgap is still very large (⇠4 eV) when the indirect
bandgap closes, at 40 GPa.20

In Fig. 5, we finally show the pressure behavior for the
effective asymmetry parameter M of the two Raman peaks
together, which we define as M =

⇣
ahf�0hf + alf�0lf

⌘
/m,

where the parameters a, line-shape asymmetry, �0, and m are
those involved in Eq. (1) and hf and lf label the high-frequency
and low-frequency peaks, respectively. We found in fact that
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FIG. 5. Pressure dependence of the effective Raman line-shape asymmetry
parameter M (see text).

the effective parameter M emphasizes pressure-induced asym-
metry changes better than the simple asymmetry parameter a
and can be used as a more sensitive probe for the onset of
transformation into a possible conductive state. It is then
very clear that the effective asymmetry M is consistent with
zero, within error bars, below about 57 GPa, which is what
is expected for an ideal semiconductor, and then it suddenly
increases to finite values above this pressure, consistent with a
metallic or semi-metallic state. Therefore, the pressure behav-
ior of M points to the transition to a conductive state, whose
onset is located at about 57 GPa, which also corresponds to
the kink/crossover in the pressure behavior of Raman intensity
observed at this pressure.

IV. CONCLUSIONS

In conclusion, we discovered a procedure for synthesiz-
ing SiS2 at high pressures and temperatures. In fact, we have
synthesized layered SiS2 with Si in octahedral coordination by
S, in DACs at 7.5-9 GPa by laser heating and melting together
the elements Si and S. Raman spectroscopy has been used
for materials’ characterization, and experimental results have
been compared to new DFT data for the Raman frequencies.
The temperature-quenched SiS2 compound has been com-
pressed up to about 64 GPa, and Raman spectra have been
measured as a function of pressure. Relevant spectral parame-
ters obtained by accurate line-shape fitting of Raman peaks to
distorted, asymmetric pseudo-Voigt functions yield remark-
able insights into the physics of this important compressed
solid. In particular, two effects are of paramount importance
here, both strongly indicative of the approaching of a con-
ductive state upon pressure increase: (i) the pressure-induced
drop of Raman intensity, with a crossover at about 57 GPa,
and (ii) the appearance of asymmetries in the Raman peaks,
most likely related to the interference between free or nearly
free carriers and optical phonons, suddenly above this pres-
sure. The simultaneous observation of these two effects is
suggestive of pressure-induced, continuous bandgap closing
in layered SiS2 ending up in either a metallic/semi-metallic

state or a narrow bandgap and highly defective semiconduc-
tor state, at about 57 GPa, which in turn occurs within the
same crystalline phase, with no structural changes. Although
optical absorption/reflection and electric transport measure-
ments are certainly required for the definitive assessment
and quantitative description of a pressure-induced conductive
state in layered SiS2 following bandgap closing, our results
are overall compatible with recent DFT predictions on elec-
tronic/optical properties on this interesting material.20 This
study adds up to the fundamental knowledge of structural
and optical properties of dichalcogenides, a class of materi-
als often displaying 2D layered phases at ambient and high
pressures. As other layered materials, this one might also
offer interesting frictional results under high pressure shear,
should that become feasible in the future. In particular, our
study adds up to the physics of layered SiS2, which together
with other dichalcogenides show an interesting example of
the Wilson-like transition, i.e., of a pressure-induced closing
of an indirect bandgap followed by metallization. In addition,
we open the potential to extend the notion of Raman peak
asymmetry due to doping-induced metallicity in semiconduc-
tors, already well assessed in the literature,33,34 to the field of
high pressure-induced conductive states in solids.
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Conclusions
• new prediction - CS2 creates at 30 GPa a layered tetrahedral  

P21/c structure - better candidate for the phase observed by Dias 
et al. 

• the P21/c phase of CS2 is identical to the HP1 phase of SiS2 at 
3.5 GPa 

• CS2 is at low pressure similar to CO2 and at higher pressure to 
SiS2 

• challenge to prepare it in more crystalline form - low temperature 
compression? 

• new prediction - SiS2 creates at 4 GPa a layered octahedral 
phase of CdI2 type (confirmed experimentally) 

• SiS2 is similar both to CS2 and to CO2 
• undergoes an interesting evolution in dimensionality - from 1D to 

2D to 3D to 2D 
• beyond SiO2 many layered structures are found
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