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Abstract: This study analyzes the lattice dynamics of HgS under various pressures using ab initio
self-consistent calculations based on the plane-wave method (PW) and generalized gradient approx-
imation (GGA). The static study, performed by enthalpy calculations, predicts that the transition
from the cinnabar phase (α-HgS) to the zinc-blende B3 (β-HgS) or wurtzite (2H) structures occurs
at very low pressures, at 0.65 or 0.70 GPa, respectively. Furthermore, the transition from β-HgS to
the rocksalt (B1) phase occurs at 7 GPa, and at high pressure, specifically at 110 GPa, HgS can adopt
the CsCl (B2) phase. The mechanical study confirms the stability of the β and 2H phases at 0 GPa.
Phonon calculations corroborate the results of the static and mechanical studies regarding stability

( α
0.7GPa→ 2H 0.9GPa→ β

)
, and the results indicate that the instabilities of the transverse acoustic (TA)

modes, induced by the application of pressures of 10.5 GPa, 21 GPa, and 190 GPa, are responsible for
the observed phase transitions in part of the Brillouin.

Keywords: cinnabar; phonon dispersion curves; high pressure; structural properties

1. Introduction

Binary Hg-X systems (where X = S, Se, Te) have garnered significant interest in elec-
tronic and optical technologies [1–5]. While HgS typically crystallizes in the trigonal
cinnabar structure (α-HgS), it may also be found in the β phase (metacinnabar), either
naturally or in the laboratory [6,7]. However, the existence of a hexagonal close-packed
(HCP) modification of HgS is still debated, and there is insufficient theoretical work on this
topic in the existing literature. Experimental investigations have discussed the presence
or absence of the hexagonal phase at high or low pressures, but with mixed results [8,9].
In this article, we present new theoretical findings on the structural properties of HgS,
specifically focusing on the potential existence of an HCP modification. Our study provides
insights into the nature of HgS and could have significant implications for its electronic
and optical applications.

At high pressures up to 20 GPa, no sign of phase transition is mentioned in studies
carried out using X-rays and Raman spectroscopy [10]. In parallel, Bridgeman failed in
the compression of cubic HgS (β-HgS), which transformed into the cinnabar form at only
5 GPa [11]. However, using energy dispersive X-ray diffraction, Huang et al. were able
to determine that in a pressure range between 13 and 30 GPa, the cinnabar structure of
HgS changes to the rocksalt structure (B1) [12]. Nelmes et al. found 20.57 GPa to be the
transition pressure [13].
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Theoretically, all calculations based on density functional theory (DFT) (the major-
ity of which are based on static calculations of Gibbs free enthalpy, which do not take
into account the vibrations of the atoms in the crystal (dynamic study of phonons)) show
the appearance of the rocksalt phase at different pressures: 20 GPa [14], 19.9 GPa [15],
16.1 GPa [16], and 26.75 GPa [17]. Using first-principles calculations, Yang et al. [18] deter-
mined that at very low pressure (3.4 GPa), the transition of the β-HgS (B3) phase (space
group F43m) to cinnabar α-HgS (space group P3121) occurs, followed by a transition to
the NaCl (B1) structure (space group Fm3m) at a pressure of approximately 14.3 GPa. Re-
cently, Cihan et al. [14] showed that a phase transition can occur from the NaCl phase to
the CsC l phase (B2) (space group Pm3m) at a pressure of 28 GPa, using calculations based
on DFT (density functional theory), with the prediction of hydrostatic pressure conducted
using enthalpy calculations.

In summary, the experimental study of the structural properties of HgS is not really
rich, particularly in terms of the presence or absence of the hexagonal phase at low pressure,
as well as the phase transitions at high pressure. First-principle studies on the structural
properties of HgS are primarily based on static calculations (the Murnaghan equation of
state EOS and Gibbs free energy), not accounting for phonon vibrations. Recent work has
addressed HgS’s dynamic properties, providing vibrational frequency data [19]. We sought
the most stable phase among candidate structures (cinnabar α-HgS, wurtzite (2H), and
β-HgS zinc blende) and determined transition pressures using enthalpy calculations under
high pressure. To ensure structural stability, we conducted a dynamic study, confirming
static results. This method, used in Zunger’s work [20], helps identify new phases at
various pressures. This work focuses on exploring the structural and dynamic properties
of HgS, with an emphasis on its hexagonal phase at low pressure. Understanding these
characteristics is crucial for optoelectronic applications, due to the unique electronic and
optical properties of HgS. This material is promising for high-sensitivity sensors and detec-
tors, owing to its phase transitions. The knowledge gained could also foster technological
innovations in various fields, such as energy and communication technologies.

2. Materials and Methods

In this study, we used the linear response of the pseudopotentials method (PWscf)
implemented in the Quantum Espresso code [21]. The exchange and correlation effects
were treated using the generalized gradient approximation (GGA) of the PBE (Perdew–
Burke–Ernzerhof) type [22]. The dynamical matrix is obtained by modifying the electron
density through the inverse of the dielectric matrix, which describes the response of the
valence electron density to a periodic lattice perturbation. The dielectric matrix is calculated
from the eigenfunctions and energy levels of the unperturbed system [21].

For the dynamical properties, we used ultra-soft Rappe–Rabe–Kaxiras–Joannopoulos
(rrkjus) pseudopotentials [23], developed for the PWscf code [21]. The electron wave
functions were expressed using a plane-wave basis set with a cutoff for kinetic energy
that varies between 70 and 100 Ry and a cutoff energy of charge density worth 10 times
the ecutwfc. The standard method of Monkhorst and Pack (MP) [24] special k-points was
employed to perform accurate Brillouin-zone integrations. We used 8 × 8 × 8 MP meshes
for the zinc-blende (B3) phase, rocksalt phase (B1) and theCsCl phase (B2); 9 × 9 × 4 MP
meshes for the cinnabar phase; and 8 × 8 × 6 MP meshes for the wurtzite phase.

The corresponding integrating points covering the irreducible Brillouin zone were
29 k points for the B3 and B1 phase, 35 k-points for the B2 phase, 163 k-points for the
cinnabar phase, and 60 k-points for the B1 phase. The self-consistent electronic iterations
were kept until the calculated total energy of the crystal converged with a tolerance less
than 10−7 Ryd. The lattice dynamics properties were calculated using the density functional
perturbation theory (DFTP) [25] by means of a 4 × 4 × 4 q-point MP mesh for cubic systems
and 4 × 4 × 2 q-point MP mesh for noncubic systems. A Fourier interpolation of these
matrices allowed for obtaining the phonon dispersion curves. The convergence of the



Crystals 2024, 14, 780 3 of 11

total energy in relation to the k-points and basis was tested and found to be adequate to
ensure convergence.

3. Results and Discussion
3.1. Structural Properties

The initial calculations focused on the structural parameters of HgS, namely the
equilibrium lattice parameter, bulk modulus, and its pressure derivative. These structural
properties are studied in the following different structures: the cinnabar α-HgS structure,
which corresponds to space group P3121; the zinc-blende B3 structure corresponding to
space group F43m (No.: 216); the wurtzite (2H) phase with space group P63mc; the rocksalt
(B1) phase corresponding to space group Fm3m; and finally the CsCl (B2) phase in space
group Pm3m. Figure 1 illustrates the total energy (Ryd) as a function of the volume (Bohr)
E(V) ofHgS, using GGA for the cinnabar, zinc-blende, wurtzite, rocksalt, and CsCl phases.
The calculated total energies are adjusted using Murnaghan’s equation of state to obtain
the structural parameters.
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Figure 1. Total energy (Ryd) as a function of volume (au3) for HgS. 
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In Table 1 are listed the calculated structural parameters for the ground-state phase,
namely the equilibrium lattice parameter (a), the bulk modulus (B) and its pressure deriva-
tive (B0), along with available theoretical and experimental values [14,15,19,26–28]. Ac-
cording to Table 1, our calculated values align well with the available experimental and
theoretical values. The E(V) curves in Figure 1 clearly show that, under ambient conditions,
the cinnabar structure is the fundamental phase of HgS. It is also evident that three struc-
tures (cinnabar, B3, and 2H) exhibit almost equal minimal energies, with a difference of a
few meV. Although the hcp structure of HgS is not observed in nature, its study is justified
by several aspects, including the structural analogy between sphalerite and metacinnabar,
as well as the reference to a natural form of HgS (hypercinnabar) with hexagonal sym-
metry [7]. In high-pressure conditions, the NaCl structure would be favored, which is
consistent with experimental findings [12,13]. With greater compression, a transition to the
CsCl structure can occur, which aligns well with theoretical calculations [14,15].

The structural phase transition occurs at the pressure where the Gibbs free energies of
the two structures are equal. Given that all our calculations are conducted at T = 0 K, the
Gibbs free energy G = E0 + PV − TS simplifies to the enthalpy H = E0 + PV. Therefore,
the pressure at which the phase transition takes place is identified when the enthalpies of
the two phases are the same. Figure 2 illustrates the enthalpy H as a function of pressure p,
indicating that the static phase transition from the cinnabar phase to the zinc-blende (or
wurtzite) phase of HgS occurs at 0.65 (0.70) GPa.
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Table 1. The calculated equilibrium lattice parameter (a), bulk modulus (B0), and the pressure deriva-
tive of the bulk modulus (B’) for HgS are compared with various experimental and theoretical values.

Structure Reference a (Å) C (Å) B (GPa) B0 (GPa)

α-HgS This work 4.28 9.71 63.96 3.73
Exp [28] 4.15 9.50 - 4.00
Cal [19] 4.36 9.70 16.00 5.40
Cal [19] 4.29 9.69 22.50 4.80

β-HgS This work 6.00 70.01 4.91
Exp [27] 5.85 68.60
Cal [15] 5.97 65.40
Cal [14] 6.04 59.08 4.69

Wurtzite This work 4.22 6.91 50.50 4.93

B1 This work 5.52 92.30 3.58
Cal [14] 5.59 98.90 4.65
Cal [15] 5.49 86.30

B2 This work 3.45 53.80 5.00
Cal [14] 3.43 94.31 5.44
Cal [15] 3.52 67.40 4.80

Crystals 2024, 14, 780 5 of 12 
 

 

0 10 20 30 40 50 60 70 80 90 100 110 120
-7

-6

-5

-4

-3

-2

-1

0

1

2

B3-B1  6.07GPa

Cin-B3  0.65GPa

Fr
ee

 e
ne

rg
y 

G
ib

bs
 (e

V)

Pressure (GPa)

 Cinnabar
 2H
 B3

 B1

 B2

B1-B2  112 GPa

 
Figure 2. Enthalpy as a function of pressure (P) for HgS. 

The values obtained by the Gibbs static method using the first-principles pseudo-
potential method are given in Table 2. At a high pressure, the transition goes to the 
rocksalt phase. The value obtained seems far from the values obtained dynamically in 
our phonon calculations (discussed in the phonon section) and other theoretical and ex-
perimental values. This difference is due to the fact that the B3 to B1 transition starts at 6 
GPa but can only occur beyond 20 GPa. In mercury compounds, the series of phase tran-
sitions (B3-cinnabar-to-B1) suggests that the sp3 bond first transitions to the spbond, then 
to the NaCl structure, unlike other IB-VI compounds that transform directly from sp3 to 
the NaCl structure [12]. This transition might involve a change in the coordination or 
bonding environment from a more complex geometry (such as tetrahedral, found in sp3 
hybridization) to a simpler, linear one before finally transitioning to the NaCl structure. 

HgS can adopt the CsCl (B2) phase from 112 GPa, which does not agree with the 
theoretical value also obtained by a statistical enthalpy calculation [14]; however, it con-
firms the result obtained by [30], which predicts that HgS will transition to a simple cubic 
structure beyond 100 GPa. The Cmcm and Pmmn structures were subjected to calcula-
tions. This confirms the stability of the Cmcm phase compared to Pmmn. These results 
are in agreement with the conclusions of Nelmes and McMahon (52 GPa), who suggested 
“a distortion of the RS structure, possibly to Cmcm” [31]. Lastly, Biering predicted a 
transition from the Pmmn structure to the CsCl structure at a pressure of 210 GPa [30]. 

Table 2. Comparison of transition pressures (Pt) between Gibbs statistical method and dynamic 
method with experimental measurements and theoretical calculations. 

Structure Reference Pt (GPa) 
α-HgS Stat 0 

 Dyn 0 
 Exp [28] 0 
 Cal [19] 0 

β-HgS Stat 0.65 
 Dyn 0 
 Exp[28] 0 
 Cal-LDA [19] 0.70 

Wurtzite Stat 0.70 
 Dyn 0 
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It turns out that the α-HgS cinnabar phase has the same enthalpy as the β-HgS zinc-
blende phase and the hexagonal phase (within a few meV), which explains the possibility
of obtaining both phases in the laboratory (the cinnabar phase and one of the other two
phases), although this requires the addition of a very small amount of iron [29] to promote
the growth of the zinc-blende phase. However, the zinc-blende (wurtzite) phase is calcu-
lated to be stable at zero pressure with a very slight enthalpy difference compared to the
cinnabar phase. Therefore, this cubic phase must be stable from 0.7 GPa until the appear-
ance of another cubic phase—the rocksalt phase. Although there are many experimental
measurements of these transitions (α-HgS-β-HgS) at very low pressures (see Introduction),
no theoretical calculation seems to have been reported, except for that of Cordona et al. [15],
who found the same transition pressure value of 0.7 GPa, although they did not study the
hexagonal structure.

The values obtained by the Gibbs static method using the first-principles pseudopoten-
tial method are given in Table 2. At a high pressure, the transition goes to the rocksalt phase.
The value obtained seems far from the values obtained dynamically in our phonon calcula-
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tions (discussed in the phonon section) and other theoretical and experimental values. This
difference is due to the fact that the B3 to B1 transition starts at 6 GPa but can only occur
beyond 20 GPa. In mercury compounds, the series of phase transitions (B3-cinnabar-to-B1)
suggests that the sp3 bond first transitions to the spbond, then to the NaCl structure, unlike
other IB-VI compounds that transform directly from sp3 to the NaCl structure [12]. This
transition might involve a change in the coordination or bonding environment from a more
complex geometry (such as tetrahedral, found in sp3 hybridization) to a simpler, linear one
before finally transitioning to the NaCl structure.

Table 2. Comparison of transition pressures (Pt) between Gibbs statistical method and dynamic
method with experimental measurements and theoretical calculations.

Structure Reference Pt (GPa)

α-HgS Stat 0
Dyn 0

Exp [28] 0
Cal [19] 0

β-HgS Stat 0.65
Dyn 0

Exp [28] 0
Cal-LDA [19] 0.70

Wurtzite Stat 0.70
Dyn 0

B1 Stat 6.07
Dyn 21

Exp [12,13] 13, 20.57
Cal-GGA [14–17] 20, 19.9, 16.1, 26.75

Cal-LDA [19] 22.2

B2 Dyn 190
Exp -

Cal-GGA [14,30] 28, 210

HgS can adopt the CsCl (B2) phase from 112 GPa, which does not agree with the
theoretical value also obtained by a statistical enthalpy calculation [14]; however, it confirms
the result obtained by [30], which predicts that HgS will transition to a simple cubic
structure beyond 100 GPa. The Cmcm and Pmmn structures were subjected to calculations.
This confirms the stability of the Cmcm phase compared to Pmmn. These results are in
agreement with the conclusions of Nelmes and McMahon (52 GPa), who suggested “a
distortion of the RS structure, possibly to Cmcm” [31]. Lastly, Biering predicted a transition
from the Pmmn structure to the CsCl structure at a pressure of 210 GPa [30].

3.2. Elastic Properties

The mechanical properties of the binary HgS compound have been calculated for
the cubic (zinc blende) and hexagonal (wurtzite) phases. For these structures, the elastic
constants C11, C12, C13, C33 and C44 were used to determine the shear modulus (G), Young’s
modulus (E), Poisson’s ratio (ν) and Debye temperature. The mechanical stability of a cubic
system necessitates that three independent elastic constants—C11, C12, and C44—satisfy the
Born conditions [32–36] as follows:

C11 > 0, C44 > 0, C11 − C12 > 0, C11 + 2C12 > 0, C12 < B < C11 (1)

For a hexagonal structure, the stability criteria are

C11 > |c12|, C44 > 0, (C11 + C12)C33 > 2C2
13 (2)
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In the case of the B3 structure, the elastic constants satisfy these conditions, which
reveal stability at zero pressure. For the hexagonal structure, the elastic constants also meet
these criteria, which show that it is a metastable phase at ambient pressure. The mechanical
properties calculated for these two structures are reported in Table 3.

Table 3. Elastic constant in GPa, Shear modulus, G (GPa), Young’s modulus E (GPa), Poisson’s ratio
ν and Debye temperature θD (K).

Ref. C11 C12 C13 C33 C44 E G ν θD

This work 82.50 71.10 - - 18.20 32.70 11.40 0.42 138
[16] 70.40 46.50 - - 43.30 76.90 30.30 0.26 -
[32] 61.80 44.90 - - 25.20 44.10 - 0.33 213

This work 86.70 37.80 27.60 93.80 16.80 59.50 23.40 0.27 196

3.3. Dynamical Stability

In order to statically and mechanically study the stable phase discussed earlier, we
conducted a dynamic study based on phonon calculations at different pressures. The
phonon dispersions along the high-symmetry lines in different structural phases illus-
trate the various symmetries of the phonon branches. The point groups can have up to
12 irreducible representations, which are differentiated in the phonon dispersion plots by
distinct colors. Figure 3 illustrates the phonon dispersion along the high-symmetry lines
for the cinnabar phase at 0 GPa (a), the wurtzite phase at 0.7 GPa (b), and the zinc-blende
phase at 0.9 GPa (c).
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It is evident that HgS is dynamically stable in the α phase, with a first transition
to the hexagonal phase at 0.7 GPa. At 0.9 GPa, HgS stabilizes in the β phase. These
structures differ only slightly in volume and energy, as the zinc blende can be considered
as an ABCABC stacking and wurtzite as an ABAB stacking. These results are consistent
with the experimental observations of hexagonal stacking in the works of KovácsKis and
Pandey [8,9].

Figure 4 illustrates the phonon dispersion in the zinc-blende phase of HgS for various
pressure values. As the volume decreases, the TO and LO phonon modes of the zinc-blende
phase increase in frequency, while the TA mode decreases. At a volume of 0.909 V0 (where
V0 indicates the calculated equilibrium volume of β− HgS), corresponding to a pressure of
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10.2 GPa, the phonon modes along the [0e0] direction become imaginary, indicating the
dynamic instability of the zinc-blende phase. To properly identify these instabilities and
obtain accurate pressure values, the frequency dependence of the phonons TA for pressures
between 4 and 10.50 GPa and for several points (qi) of the direction [e00] were studied.
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the hexagonal phase at 0.7 GPa. At 0.9 GPa, HgS stabilizes in the β phase. These structures 
differ only slightly in volume and energy, as the zinc blende can be considered as an 
ABCABC stacking and wurtzite as an ABAB stacking. These results are consistent with 
the experimental observations of hexagonal stacking in the works of KovácsKis and 
Pandey [8,9]. 
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zinc-blende phase increase in frequency, while the TA mode decreases. At a volume of 
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sponding to a pressure of 10.2 GPa, the phonon modes along the [0e0] direction become 
imaginary, indicating the dynamic instability of the zinc-blende phase. To properly iden-
tify these instabilities and obtain accurate pressure values, the frequency dependence of 
the phonons TA for pressures between 4 and 10.50 GPa and for several points (𝑞) of the 
direction [e00] were studied. 

 
Figure 4. Phonons dispersion curve of the zinc-blende phase of HgS at different pressures.

Figure 5 shows that all TA (qi) modes decrease sharply with increasing pressure, with
an imaginary TA phonon mode identified at a pressure of 5.7 GPa. This TA phonon mode
begins to become imaginary only at point X at a pressure of around 10.2 GPa, indicating
the start of the B3 phase transition to phase B1 of HgS. The instabilities of the TA modes at
points qi, particularly at point X, are accountable for the phase transition. The instabilities of
the phonons predicted at a pressure of 10.2 GPa are consistent with the transition pressure
of 13 GPa measured by Huang [12].
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Additionally, Figure 6 demonstrates that HgS is dynamically stable in phase B1 only
from a pressure of 21 GPa, which aligns with the value obtained from experimental mea-
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surements [13] and ab initio calculations [14]. At very high pressure, HgS is stable in the
CsCl phase (B2). By studying the TA modes of phase B1 at various pressures, the instabili-
ties of these modes at points qi, specifically at point X, are the cause of the phase transition
at a pressure of 96 GPa. This value marks the beginning of the phase transition to another
structure. Although theoretical simulations (static method) suggest that the transition from
the NaCl structure to the CsCl structure could occur at a pressure of 28 GPa [14] and from

B1
57.9GPa→ Pmmn 210GPa→ B3 [30], experimental studies have not yet examined HgS at very

high temperatures and pressures above 60 GPa.
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ist but hasnot yet been investigated. 
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Figures 7 and 8 show that our dynamic calculations predicted a value around 109 GPa,
which aligns well with [30]. However, the static method founded on enthalpy calcula-
tions [14] cannot confirm this stabilization since it does not account for atomic vibrations.
Additionally, it is possible that another structure with lower total energy could exist but
hasnot yet been investigated.
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4. Conclusions 
In this study, the static, mechanical, and dynamic properties of HgS were investi-

gated using first-principles calculations. The results of the static study showed that HgS 
can crystallize in the cinnabar, wurtzite, or zinc-blende structures with a difference of a 
few meV. At a high pressure, the NaCl and CsCl structures are favored. The study of 
mechanical properties confirmed the stability of the cubic and hexagonal phases. The 
dynamic analysis, carried out through phonon calculations, confirmed the previous re-
sults on the existence of the hexagonal phase between the alpha and beta phases and in-
dicated that a phase transition occurs towards the NaCl structure and that at very high 
pressure (>190 GPa), HgS will adopt the CsCl phase. Our results are in agreement with 
experimental measurements and theoretical data. Our study represents the first theoret-
ical proposal of the existence of the hexagonal phase and the first dynamic analysis at 
high pressure. 
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4. Conclusions

In this study, the static, mechanical, and dynamic properties of HgS were investigated
using first-principles calculations. The results of the static study showed that HgS can
crystallize in the cinnabar, wurtzite, or zinc-blende structures with a difference of a few
meV. At a high pressure, the NaCl and CsCl structures are favored. The study of mechanical
properties confirmed the stability of the cubic and hexagonal phases. The dynamic analysis,
carried out through phonon calculations, confirmed the previous results on the existence
of the hexagonal phase between the alpha and beta phases and indicated that a phase
transition occurs towards the NaCl structure and that at very high pressure (>190 GPa), HgS
will adopt the CsCl phase. Our results are in agreement with experimental measurements
and theoretical data. Our study represents the first theoretical proposal of the existence of
the hexagonal phase and the first dynamic analysis at high pressure.
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