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The high-pressure structural, vibrational and electrical properties for realgar were investigated by in-situ Raman
scattering and electrical conductivity experiments combined with first-principle calculations up to ~30.8 GPa. It
was verified that realgar underwent an isostructural phase transition at ~6.3 GPa and a metallization at a higher
pressure of ~23.5 GPa. The isostructural phase transition was well evidenced by the obvious variations of Raman
peaks, electrical conductivity, crystal parameters and the As-S bond length. The phase transition of metallization
was in closely associated with the closure of bandgap rather than caused by the structural phase transition. And

furthermore, the metallic realgar exhibited a relatively low compressibility with the unit cell volume V, =
718.1.4 A% and bulk modulus By = 36.1 GPa.

1. Introduction

Arsenic sulfides have attracted lots of scientific interests because of
their wide industrial applications and unique physical properties, such as
strong infrared transparency, high sensitivity to light radiation and
outstanding ability of doping (Kyono et al., 2005; Bonazzi et al., 2006;
Naumov et al., 2007; Hejny et al., 2012). Within the system of As-S, there
exist two fundamental arsenic sulfide minerals including realgar (As4S4)
and orpiment (AsyS3), and moreover, other intermediate compounds
with the chemical composition of As;_,S, have also been widely reported
(Lowe et al. 2006; Bonazzi and Bindi, 2008). Realgar is a representative
arsenic sulfide mineral, which is usually found in the epithermal deposits
and volcanic fumaroles. In some Carlin-type gold deposits, the realgar
often occurs together with gold-bearing ores, and the ore-forming ele-
ments including As, S and Au were deemed to mainly originate from the
mantle (Zhang et al., 2010; Wang et al., 2012). As an important source of
elemental arsenic and sulfur, it is possible that the realgar will enter into
the deep mantle and accompany to release these ore-forming materials in
geological process. In fact, many recent studies have clearly shown that
there are at least a part of sulfides subducting to the deep mantle (Hattori
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et al., 2002; Jego and Dasgupta, 2013; Evans et al., 2014). And thus, the
investigation on the structural stability of realgar under high pressure is
crucial to understand the sulfur and arsenic recycling in the interior of
Earth.

At ambient conditions, realgar exhibits a semiconducting character-
istic with the bandgap energy of 2.00 eV. It crystallizes into a monoclinic
and cage-like molecular structure with the space group of P2;/n: there
are four separate AssS4 molecules in the unit cell, which are mutually
linked by the weak van der Waals forces; in each As;S4 molecule, one As
atom is directly connected to another one As atom and two S atoms by the
covalent bond. This unique cage-like molecular structure in realgar
provokes great interests to investigate its structural stability under con-
ditions of exposure to light, high temperature and high pressure. Naumov
etal. (2007) studied the effect of light radiation on the crystal structure of
realgar using the single-crystal X-ray photodiffraction and Fourier
transform infrared spectroscopy, and a photo-induced phase transition
from realgar to pararrealgar was observed. Hall (1966) reported that
realgar transformed to a new phase of $-As4S4 (space group: Cy/c) at a
high temperature of ~529 K and under room pressure. As for the influ-
ence of pressure on the structural properties of realgar, there exist some
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controversial viewpoints among previously reported results. Tuktabiev
et al. (2009) carried out high-pressure energy-dispersive X-ray diffraction
measurements for realgar up to ~8.0 GPa to explore its structural vari-
ations with pressure, and a ~7.0 GPa of structural phase transition was
verified by the abrupt collapse of unit cell volume. In contrast, Hejny
et al. (2012) did not observe this phase transition and found that realgar
remained stable monoclinic structure up to ~17.4 GPa, which was evi-
denced by the results of X-ray diffraction, optical absorption and vibra-
tion spectroscopy measurements. And therefore, more systematical
investigations on the high-pressure structural behavior of realgar are
urgently needed.

In addition, a recent work by Liu et al. (2019) revealed that orpiment
underwent a pressure-induced electronic phase transition from semi-
conductor to metal at ~42.0 GPa. As a similar arsenic sulfide, realgar
might also exhibit metallic characteristics under high pressure. As we
know, the metallization transition can be efficiently detected by
high-pressure electrical conductivity measurements (Zhao et al., 2015;
Wang et al., 2017; Naumov et al. 2018). However, to the best of our
knowledge, relative experimental investigations on the electrical prop-
erty of realgar under high pressure are still blank till now.

In this study, we carried out a series of Raman scattering and elec-
trical conductivity experiments along with the first-principle calculations
in a diamond anvil cell under high pressure up to ~30.8 GPa, mainly
aiming to understand the crystal and electronic structure variations of
realgar under high pressure. Two pressure-induced phase transitions for
realgar have been well determined and discussed in detail.

2. Experimental methods

The natural crystalline realgar was obtained from Longtang diggings
in Nanhua County, Yunnan Province. It was ground into micron-sized
powders by the agate mortar, and then the powder realgar was used as
the starting sample for all of high-pressure experiments. The symmetric
diamond anvil cell (DAC) with anvil culet face of 300 pm was employed
to generate high pressure environments. A small ruby chip was loaded
into the center of sample chamber to calibrate the pressure based on the
shifts of Ry fluorescence lines (Mao et al., 1986). Raman spectra were
collected in the wavenumber range of 100-600 cm™' using a
micro-confocal Invia Raman spectrometer (Renishaw, England) along
with a 514.5 nm of argon ion laser. The laser power and collection time
for each collected Raman spectra were set to 20 mW and 120 s, respec-
tively. The electrical conductivity measurements were carried out with a
Solartron-1260 impedance/gain phase analyzer (Solartron, the United
Kingdom), and the impedance spectra were acquired in the frequency
range of 1071-107 Hz. Using the laser drilling device, a 100 pm of hole
was drilled in the T-301 stainless steel as the sample chamber. This hole
was surrounded by the compressed insulating materials, which are
composed of the mixture of boron nitride and epoxy powders. No pres-
sure medium materials were used in our electrical conductivity experi-
ments to avoid the influence of external impurities. The first-principle
calculations were conducted using the CASTEP code in the Material
Studio software to predict the structural and electrical behavior of realgar
under high pressure. The generalized gradient approximation (GGA) was
used as the exchange-correlation functional. To ensure the full conver-
gence of the total energy calculation, we chose a 450 eV of cutoff energy
and a 6 x 6 x 6 of K-point grid. More detailed information on the
experimental procedures and theoretical calculation methods has been
illustrated in previous work (Dai et al., 2017, 2018; 2019; Liu et al., 2017;
Zhuang et al., 2017; Yang et al., 2019).

3. Results and discussion
3.1. Phase transitions in realgar under high pressure

The vibrational properties of realgar were explored by Raman spec-
troscopic measurements under high pressure up to ~30.8 GPa and room
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temperature. Fig. 1 displays the collected Raman spectra of realgar at
ambient conditions. In order to make precise fits and obtain Raman peak
values from the data, we select the Gauss function to fit the Raman
spectra as shown in the inset diagram. Ten Raman-active peaks have been
acquired in this study, i.e., 182 em™ !, 195 em™, 220 em™ Y, 231 em ™Y,
268 cm 1,307 cm !, 323 cm ™, 340 em™?, 358 cm ! and 364 cm ™. The
most intense peak at 340 cm™! stands for the As-S antisymmetric
stretching mode, and the peaks at 182 cm ™, 195 cm ™! and 220 cm ™! are
assigned to the A;, B; and E deformation modes, respectively (Forneris,
1969). All of the observed Raman peaks for realgar are in good agree-
ment with previous reported data by Cheng et al. (2017). Fig. 2a shows
the Raman spectra of realgar in the pressure range from ~0.8 GPa to
~30.8 GPa and under room temperature, and the corresponding pressure
dependence of Raman shifts for all of the vibrational modes are presented
in Fig. 2b. Two discontinuous points can be clearly observed at pressures
of ~6.3 GPa and ~23.5 GPa, respectively. At ~6.3 GPa, Raman peaks at
231 cm ! and 340 cm™! both exhibit obvious variations in their pressure
dependence and suddenly become weakening and broadening. At the
same time, other peaks disappear. When the pressure further increases to
~23.5 GPa, the peaks at 231 cm™! and 340 cm ™! display relatively weak
pressure dependences. It is well known that the high-pressure Raman
spectroscopy is a very efficient method to detect structural or electronic
changes of minerals. And thus, the variations in the pressure dependence
of Raman shifts observed in this study imply that realgar might undergo
two pressure-induced phase transitions at ~6.3 GPa and ~23.5 GPa,
respectively.

In order to check the pressure-induced phase transitions in realgar,
we carried out electrical conductivity measurements under high pressure
and room temperature. Typical impedance spectra for realgar under high
pressure up to ~30.3 GPa are shown in Fig. 3a—c. In the pressure range of
0.8-21.3 GPa, each impedance spectra exhibits two obvious semicircular
arcs and locates in the first quadrant, which represents grain interior and
boundary resistance, respectively. However, at higher pressure range of
23.5-30.3 GPa, only the grain interior arc appears in the fourth quadrant
and the grain boundary contribution disappears. This abrupt variation
indicates that the electronic structure of realgar has been greatly changed
above ~23.5 GPa, and it can be attributed to the pressure-induced
electronic polarization (Kandrina et al., 2002). Fig. 3d displays the
pressure-dependent electrical conductivity of realgar in the whole
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Fig. 1. Raman spectra of realgar in the frequency range from 100 cm™! to 600
cm ™! under room temperature and pressure. Insert: the representative fitting
result of Raman spectra by the Gauss function.
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Fig. 2. (a) Raman spectra for realgar in the pressure range of 0.8-30.8 GPa. (b) The corresponding pressure dependence of Raman shifts for all of the obtained modes.

pressure range, which was obtained by fitting the impedance spectra
using the equivalent circuit method (Dai et al., 2016; Hu et al., 2018).
Three distinct regions can be clearly observed on the basis of the slope
variation of electrical conductivity upon compression as follows: (i) at
0.8-6.5 GPa, the electrical conductivity of realgar gradually decreases
with increasing pressure, and the corresponding slope is determined to be
—0.08 S cm™! GPa’l; (ii) at 6.5-23.5 GPa, it shows a positive pressure
dependence with a slope of ~0.07 S em ™! GPa™l; (iii) at 23.5-30.3 GPa,
the electrical conductivity tends to be stable and displays a relatively
high value of 2.8 S cm™!. When the pressure is released, the electrical
conductivity of realgar still remains very high values instead of recov-
ering to its original magnitude.

As for the first slope variation of electrical conductivity for realgar at
~6.5 GPa, it implies that realgar undergoes a pressure-induced structural
phase transition at this pressure point. In fact, in terms of the issue of the
phase stability of realgar under high pressure, previously reported results
are inconsistent. Tuktabiev et al. (2009) carried out the energy-dispersive
X-ray diffraction measurements to investigate the structural evolution of
realgar under high pressure to ~8.0 GPa, and found that realgar endured
a structural phase transition at ~7.0 GPa. In contrast, Hejny et al. (2012)
did not observe any phase transition in realgar from the in-situ X-ray
diffraction experiments up to ~17.4 GPa. In this study, our electrical
conductivity results provide favorable evidences for the phase transition
of realgar occurring at ~6.5 GPa. This result is simialr to that reported by
Tuktabiev et al. (2009) although the transition point is slightly lower
than their data. The discrepacy is possibly caused by the different mea-
surement method and the magnitude of deviatoric stress in the sample
chamber. It is well known that the deviatoric stress can significantly in-
fluence the high-pressure physical properties of some minerals and ma-
terials (Dai et al., 2017, 2018, 2019). However, our results are different
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from the work by Hejny et al. (2012), who failed to detect any phase
transitions in natural realgar. It should be mentioned that the composi-
tion of their starting realgar contained some impurities of Sn (~0.23
wt.%) and Sb (~0.86 wt.%), which might result in these discrepcaies. In
light of the second pressure inflection point of ~23.5 GPa above which
the electrical conductivity exhibits weak pressure dependence, it pro-
vides an important clue to characterize a pressure-induced electronic
phase transition for realgar from semiconductor to metal at ~23.5 GPa.
As we know, the increase rate of carrier concentration with pressure
would be significantly decreased once the pressure-induced metallization
occurs, which leads to the weak pressure dependence of electrical con-
ductivity. In fact, the phenomenon of weak pressure dependence has also
been observed in other metallized materials, such as MoSe,, SbyS3 and
VO, (Baietal., 2015; Dai et al., 2018; Yang et al., 2019). In particular, the
unrecoverable electrical conductivity of realgar during decompression
indicates that the metallization is irreversible. In addition, other similar
sulfides, such as SbyS3, MoSs, ReS;, have also been found to undergo
metallization under high pressure, indicating that the metallization
phase transition might be a common phenomenon for most of sulfides
(Hromadova et al., 2013; Chi et al., 2014; Nayak et al., 2014; Dai et al.,
2018; Wang et al., 2018).

To further reveal the type of the structural phase transition and
explore the metallization mechanism for realgar, the first-principle cal-
culations were carried out up to ~30 GPa. As shown in Fig. 4a, it can be
seen that the bandgap energy at ambient conditions is ~2.00 eV, which is
17% lower than the previously reported value of ~2.40 eV by Street and
Gill (1966) and 13% lower than the value of 2.30 eV obtained from
Skettrup (1978). These slight discrepancies are due to that the density
functional theory (DFT) calculation employed in this study usually un-
derestimates the bandgap energy (Errandonea et al., 2005). With
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Fig. 3. (a-c) Representative impedance spectra of realgar at pressures of 0.8-30.3

compression and decompression.

increasing pressure from 0 GPa to 22 GPa, the bandgap energy of realgar
shows a gradually decreasing tendency. When the pressure is enhanced
to ~24 GPa, the bandgap energy decreases to a critical value of 0 eV,
implying that the realgar transforms to a metallic phase. In addition, as
plotted in Fig. 4b—e, we also present the band structure, total and partial
density of state at selected pressures of 0 GPa and 24 GPa to disclose the
electronic structural characteristic before and after metallization of
realgar. At 0 GPa, the top of the valence bands (VB) is mainly composed
of the S-p electronic orbits, and the bottom of the conduction bands (CB)
is dominated by the As-p electronic orbits. At 24 GPa, all of the electronic
orbits become greatly expanded and the conduction bands across the
Fermi-level (Ef) to slightly overlap with the valence bands (VB). This
predicted metallization pressure point is in good agreement with the
results obtained from Raman and electrical conductivity experiments.
At the same time, as shown in Fig. 5, some crucial physical parameters
including the ratio of crystal parameter, unit cell volume and bond length
have been calculated to predict the structural evolution of realgar under
high pressure. From Fig. 5a, it can be clearly seen that the compressibility
of realgar is strongly anisotropic: the crystal axis of b has the largest
compressibility, while the a axis exhibits the weakest compression
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behavior. One previous work by Hejny et al. (2012) also revealed that the
compressibility of b axis in realgar was the largest. More specifically, the
calculated lattice constant ratios of a/ag, b/bg and c/c( exhibit continuous
variations with pressure up to 30 GPa, implying the absence of the
first-order phase transition for realgar in the given pressure range.
However, the a/c, a/b and the intermolecular distance of S1-As2, S2-As3
and S3-As4 display an obvious discontinuous variation at 6 GPa as pre-
sented in Fig. 5b and c. It provides an important evidence to indicate that
realgar undergoes an isostructural phase transition at 6 GPa. Fig. 5d re-
flects the pressure-dependent unit cell volume of realgar. Obviously, the
unit cell volume gradually decreases with pressure and no volume
collapse can be observed, which further verifies the absence of the
first-order phase transition in realgar under high pressure up to 30 GPa.
And furthermore, the P-V data of unit cell volume obtained from our
theoretical calculations are fitted by the common third-order
Birch-Murnaghan equation of state as follows:

2 ) (-t ()-)

(€Y
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Fig. 4. (a) The bandgap energy of realgar with increasing pressure up to 30 GPa. (b) and (d) The band structure of realgar at 0 GPa and 24 GPa, respectively. (c) and
(e) The total and partial density of state for realgar at 0 GPa and 24 GPa, respectively.

where By, By’ and Vj represent the bulk modulus, first-order derivative of
the bulk modulus and unit cell volume at zero pressure, respectively. The
first-order derivative of the bulk modulus (By’) is fixed to 4 at different
pressure ranges. At 0-6 GPa, the fitting results for the semiconducting
realgar yield By = 11.4 GPa and Vj, = 864.4 A3, which is in consistent
with the data reported by Hejny et al. (2012). At 6-24 GPa, the By and V)
for the isostructural new phase are determined to be 28.3 GPa and 752.0
A3. At 24-30 GPa, the corresponding fitting results for the metallic phase
yield By = 36.1 GPa and V, = 718.1.4 A% In comparison with the sem-
iconducting realgar and the isostructural new phase, a relatively high
value of bulk modulus in the metallic realgar indicates the low crystal
compressibility above 24 GPa.

And therefore, it can be concluded that our results from Raman
spectroscopy, electrical conductivity and first-principle calculations
provide consistent evidences to support two pressure-induced phase
transitions in realgar at ~6 GPa and ~24 GPa, respectively. Furthermore,
the results obtained by the first-principle calculations reveal that the
transformation at ~6 GPa is related to a pressure-induced isostructural
phase transition, and the new phase still remains monoclinic structure.
The transition at a higher pressure of ~24 GPa is attributed to an elec-
tronic phase transition from semiconductor to metal. As for the metalli-
zation mechanism of realgar occurring at ~24 GPa, we think that it is just
a result of the gradual closure of bandgap rather than triggered by the
structural phase transition. In addition, some crucial comparisons be-
tween realgar (As4S4) and orpiment (AsyS3) have been conducted in this
study. As a similar layered sulfide, orpiment has also been reported to
undergo a pressure-induced isostructural phase transition followed by
the occurrence of metallization (Liu et al., 2019). However, in compar-
ison with orpiment, the transformation pressure points for isostructural
phase transition and metallization in realgar are much lower by nearly
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19 GPa and 24 GPa, respectively. This strongly indicates that the crystal
and electronic structure of realgar is much more sensitive to pressure
than orpiment.

3.2. Implications for the arsenic recycling in the interior of earth

The arsenic content in the mantle is a basic and important geological
issue. Many previous studies have provided evidences for the enrichment
of arsenic in the mantle, and the subducting slabs containing the arsenic-
bearing minerals were considered to release the arsenic element into
mantle wedges (Bulanova et al., 1996; Noll et al., 1996; Hattori et al.,
2002). As a typical arsenic-bearing mineral for realgar, the investigation
on its structural, vibrational and electrical properties under high pressure
can provide a deep insight into the arsenic recycling in the interior of
Earth. Our results clearly revealed that the monoclinic structure of
realgar could remain stable up to ~30 GPa, but its electrical conductivity
was greatly increased by about three orders of magnitude after the
pressure-induced metallization phase transition. This indicates that
realgar has the potential to enter into the deep mantle in the subduction
zone as the source of arsenic. More importantly, its exhibited high elec-
trical conductivity under high pressure might influence the electrical
property of mantle.

4. Conclusions

In summary, we carried out a series experimental measurements and
theoretical calculations to systematically study the effect of pressure on
the crystal structural evolution, optical and electrical behavior of realgar.
Raman scattering results clearly reveal that there exist two phase tran-
sitions in realgar occurring at ~6.3 GPa and ~23.5 GPa, respectively. The
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results from electrical conductivity measurements exhibit two inflection
pressure points at ~6.5 GPa and ~23.5 GPa, which implies that realgar
undergoes a pressure-induced isostructural phase transition and an
electronic transformation from semiconductor to metal. The first-
principle calculations further revealed the nature of the metallization
in realgar: it is not triggered by a structural phase transition, but strongly
related with the gradual closure of bandgap.
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