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The sulfur-hydrogen system is the first one in which superconductivity at temperatures over 200 K has been
reported, albeit at high pressure. The particular phases causing the measured 7, and their structures are not yet
firmly identified. Here, synchrotron single-crystal x-ray diffraction studies of S-H samples were performed up
to 150 GPa and revealed two previously unobserved and unpredicted sulfur-hydrogen phases—Hg1, S5 with x ~
0.4, and H, 35+,S, with y ~ 0.35. The crystallographic data obtained in this work, both for the new phases and for
the previously identified H3S polymorphs, provide an unambiguous experimental proof of the chemical richness
of the S-H system and the structural diversity of compounds forming at high pressures and high temperatures. Our
results have profound implications for the interpretation of the resistance, superconductivity, and other physical

properties measurements on the complex S-H system.
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I. INTRODUCTION

The search for room-temperature superconductors, those
with a superconducting critical temperature (7;.) above 0°C
(273 K), has been pursued for decades. With the report of a T,
of 203 K in the S-H system at 150 GPa [1], room-temperature
superconductivity transitioned from a distant objective to
a realistic endeavor. Although numerous studies over the
last several years gave rise to novel metal hydrides [2-11],
among which LaH( has the highest measured 7, of 260 K
[12—14], the sulfur-hydrogen system remains the most iconic
for modelling, testing, and understanding room-temperature
superconductivity.

In the myriad of experiments performed on S-H systems,
above 40 GPa only sulfur and polymorphs of H3S have been
categorically detected on the basis of powder x-ray diffrac-
tion (XRD) [15-20]. These H3sS polymorphs are thought to
follow a sequence of phase transitions: /4/mcm —>PaCccm

~40

—> R3m ——— Im-3m) [15-19]. Observing exclusively
110 GPa 150 GPa

the sulfur-hydrogen compound with the H3S stoichiometry
is strikingly at odds with convex hull calculations on the
S-H system [21,22]. Indeed, whereas in the pressure range of
40-150 GPa Hj3S always appears on the convex hull as the
H-richest phase, a variety of phases with a lower hydrogen
content, such as HS,, H3Ss, H5Sg, H4S3, and H3S, [21,22],
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have been predicted. It is worth noting that H4S; was pre-
viously reported to have been observed experimentally from
powder x-ray diffraction [21]. Still, the diffraction patterns
that were presented contained diffraction lines belonging to
a handful of phases, whose strong overlapping prevents an
unambiguous interpretation of the data and thus the definitive
proof of its formation. Thus univocally demonstrating the
presence of a low H concentration phase could resolve the
discrepancy between experiments and calculations, as well
as provide an explanation for another enigmatic observation,
namely, the large range of 7, obtained from resistivity mea-
surements [1,19], nuclear resonance scattering experiments
[23], and optical spectroscopy [24].

Computational approaches to search for stable structures
of materials using first-principles methods guide experimental
investigations, including those of superhydrides [25-27], as
they predict the stoichiometry, crystal structure, and some
physical properties of hypothetical compounds. Although this
synergetic theoretical-experimental approach has undoubt-
edly yielded impressive results, an independent experimental
validation of ab initio predictions is absolutely critical to
verify their accuracy. Notably, a full structural solution ex-
clusively dependent on experimental data is still lacking for
the high-pressure H3S Im-3m phase, reported to be super-
conducting [1,16,18]. In order to clarify the existence of
H,S, compounds in the S-H system up to 150 GPa and to
establish their crystal structures, we have performed syn-
chrotron single-crystal x-ray diffraction (sc-XRDp, described
in Refs. [28,29]) on the polycrystalline samples.

©2020 American Physical Society
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Here we report the synthesis of two sulfur-hydrogen
phases, Hg+,Ss, (x ~0.4) and Hjgs5+,S, (y ~ 0.35), with
sulfur-to-hydrogen ratios of about 1:1.2 and 1:1.4, respec-
tively, which have neither been previously observed nor
predicted. The structural positions of the heavy sulfur
atoms were unambiguously experimentally determined, and
ab initio calculations were employed for estimating the
amounts and likely positions of hydrogen atoms. Addition-
ally, the structural refinements of the S atomic positions for
two previously reported H3S phases, also observed in our
experiments, are provided. Our results demonstrate the com-
positional and structural variety in the S-H system, highlight
the importance of precise structural studies, and call for recon-
sidering the phenomenon of a broad T, variation previously
reported in the S-H system.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Experimental methods

Six BX90-type screw diamond anvil cells (DACs) were
equipped with diamonds of culet sizes ranging from 250
to 80 wum, and rhenium was employed as the gasket mate-
rial. In all cases, an S piece was embedded in paraffin oil
(ChHzpy2), acting as both a pressure-transmitting media as
well as a hydrogen reservoir. As showcased in recent works on
metal hydrides [7,9,13,30], paraffin and ammonia borane are
effective alternatives to pure hydrogen for DAC synthesis ex-
periments. Compared to pure H,, paraffin supplies a reduced
amount of hydrogen that should favor the formation of H-S
solids with lower H content, which has been predicted but not
unambiguously observed so far.

At pressures of 17, 45, 46, 62, 100, 130, and 150 GPa,
the sulfur pieces embedded in paraffin were laser-heated and
the resulting chemical reaction products were probed using
synchrotron x-ray diffraction. The samples were compressed
at ambient temperature. The double-sided YAG laser heating
of the samples was performed at the Bayreuth Geoinstitut
[31], the P02.2 beamline of PETRA III, and the 13-IDD
beamline of the Advanced Photon Source (APS), with sul-
fur acting as the laser absorber. In all cases, temperatures
were measured using the samples’ thermal radiation [32]. The
pressure inside the sample chamber was determined from the
vibrational mode of the stressed diamond anvil and verified
by measuring the lattice parameters of the Re gasket at the
edge of the experimental chamber [33,34]. The samples were
mainly characterized by single-crystal (sc-XRDp) and powder
x-ray diffraction (XRDp) measurements. The subscript “p”
in sc-XRDp emphasizes the very small, just a few microns
size of the single crystals, for which a special approach to
the high-pressure XRD data acquisition and analysis was re-
cently developed in high-pressure crystallography [28], and its
reliability demonstrated numerous times [35-37]. The x-ray
diffraction data were acquired at the P02.2 and 13-IDD beam-
lines of PETRA III and the APS, respectively. More details on
the experimental procedure can be found in the Supplemental
Material [38].

B. Computational methods

Density functional theory (DFT) calculations have been
performed using the CASTEP code [39]. The code is an

implementation of Kohn-Sham DFT based on a plane-wave
basis set in conjunction with pseudopotentials. The plane-
wave basis set is unbiased (as it is not atom-centered) and
does not suffer from the problem of basis-set superposition
errors, unlike atom-centered basis sets. It also makes con-
verged results straightforward to obtain in practice, as the
basis set convergence is controlled by a single adjustable pa-
rameter, the plane-wave cutoff. Pseudopotentials were either
norm conserving or ultrasoft and were generated using the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [40] using the “on-the-fly”” parameters included in the
CASTEP 2019 distribution. These pseudopotentials have been
shown to be very accurate and are very well suited for the cal-
culations carried out here [41]. The Brillouin-zone integrals
were performed using Monkhorst-Pack grids [42] with spac-
ings between grid points of less than 0.02 A~". Full geometry
optimizations of the unit-cell parameters and the internal coor-
dinates were performed until forces were typically converged
to <0.005 eV/A, although sometimes this criterion was re-
laxed in order to save computing resources, and the residual
stress was <0.02 GPa.

In our calculations, temperature, configurational entropy,
and the entropy contribution due to lattice vibrations were
neglected. Force and stress-free configurations obtained for a
specific atomic configuration and a preset pressure correspond
to local minima (metastable phases) or the global minimum
(thermodynamically stable phase) of the enthalpy landscape.
Further details on the computational method are found in the
Supplemental Materials [38].

II1. RESULTS

A. Previously unobserved S-H phases

At 17 GPa, the sulfur piece quickly melted at about 1500 K,
in agreement with the melting curve of sulfur under pres-
sure [43], and its prolonged heating was not possible. X-ray
diffraction mapping of the sample after heating revealed no
sign of a chemical reaction between sulfur and hydrogen,
likely due to an insufficient decomposition of paraffin oil and
thus very limited hydrogen supply. However, laser heating
of the sulfur-paraffin samples to about 2000 K in the pres-
sure interval of 45-130 GPa resulted in the appearance of
new reflections in the diffraction patterns, which could be
indexed with a tetragonal unit cell (space group 74}, no. 80).
At 62 GPa, the unit-cell parameters were found to be a =
13.4935(4) A and ¢ = 11.5793(7) A [V = 2108.296(14) A3].
High-quality single-crystal XRD data acquired at this pres-
sure allowed the accurate determination and refinement of the
sulfur atomic coordinates. The unit cell of the new structure
contains 140 sulfur atoms—hereafter named ¢/140—on 19
crystallographically independent positions (86 and 4a) (see
Tables I and S1 [38]). The unit-cell volume per sulfur atom
in t1140 is equal to 15.1 A3 at 62 GPa, significantly larger
than in the structure of pure sulfur (11.6 ;\3) at the same
pressure. This strongly suggests the presence of hydrogen in
the structure of ¢1140.

As seen in Fig. 1, the main structural elements of #7140 are
sinusoidal S chains with a period of six atoms, going along the
a and b directions. Each sulfur atom located at the minimum
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TABLE I. Selected crystallographic data for pure S, 11140, hP112, I4/mcm H3S and Im-3m H3S. The full crystallographic data for each
phase and the pressures at which they have been observed are provided in the Supplemental Materials [38]. Aside from pure sulfur, the
sulfur-hydrogen phases are named in analogy with the Pearson notation. The two letters specify the Bravais lattice, but the number only gives

the amount of sulfur atoms in the unit cell, as the number of hydrogen atoms cannot be determined experimentally.

S t1140 hP112 t18, H3S cl2, H3S
Pressure (GPa) 46 62 150 100 150
Space group (no.) 14 /acd (142) 14, (80) P-3c1 (165) 14 /mem (140) Im-3m (229)
aA) 7.9281(19) 13.4935(4) 8.9840(7) 5.4513(11) 3.076(4)
b(A) 7.9281(19) 13.4935(4) 8.9840(7) 5.4513(3) 3.076(4)
¢ (A) 3.1856(8) 11.5793(7) 19.283(2) 4.5825(3) 3.076(4)
y (°) 90 90 120 90 90
vV (A% 200.23(8) 2108.296(14) 1347.9(2) 140.71(3) 29.09(6)
Rinc 0.053 0.0546 0.0347 0.0747 0.1259
R, 0.0430 0.0519 0.0335 0.0409 0.0583
wR, 0.0464 0.0590 0.0740 0.0448 0.0770
R, (all data) 0.0474 0.0626 0.0399 0.0473 0.0583
wR, (all data) 0.0472 0.0628 0.0771 0.0460 0.0770

and at the maximum of the oscillating chain is bound to a
third S atom acting as a linker to a neighboring chain. As
dictated by the 4, space group’s 4; symmetry operation,
the chains at each 1/4c¢ increment are perpendicular to each
other. Within these chains, first-neighbor sulfur contacts range
between 2.0560(18) and 2.4799(18) A at 62 GPa. The shortest
interatomic distance between S atoms of different chains or
layers is ~2.9 A or longer. Adopting peculiar chain arrange-
ments is typical of sulfur allotropes, as they are also observed
in its S-II and S-1III phases [44].

Laser heating of the sulfur-paraffin sample at 150 GPa re-
sulted in the synthesis of another hitherto unknown phase. The
analysis of the single-crystal XRD data gave a large hexagonal
unit cell (space group P-3c1, no. 165) with lattice parameters

(b)

FIG. 1. Structure of the /140 compound (hydrogen atoms not
shown). (a) A single sinusoidal strand of S atoms. (b) The #7140
unit cell. Yellow spheres represent sulfur atoms forming sinusoidal
chains, while the blue spheres are sulfur atoms linking the chains
together.

a=18.9840(7)A and ¢ = 19.283(2)A [V = 1347.9(2) A%].
The cell contains 112 sulfur atoms occupying 12 independent
crystallographic positions (see Tables I and S4 [38]). Hence-
forth, this phase is referred to as 4P112. The unit-cell volume
per sulfur atom in #P112 is equal to 12.0A3 at 150 GPa,
which is larger than that in pure sulfur (8.7 A%) at the same
pressure, again suggesting the synthesis of a sulfur-hydrogen
compound.

Its complex crystal structure (Fig. 2) can be described as
a stacking of nets of sulfur atoms (represented by yellow
spheres in Fig. 2) with the slightly distorted 3.6.3.6 tessel-
lation. Lying in the ab planes and stacked along the ¢ axis,
the nets form triangular and hexagonal channels populated
by sulfur atoms (green and orange spheres in Fig. 2). In the
distorted hexagons, the S-S interatomic distances vary from
2.0140(15) to 2.5710(15) A. The S atoms in the hexagonal
channels (shown orange in Fig. 2) are separated by distances
of 1.963(2)-2.4924(13) A. The S atoms in the triangular chan-
nels (shown green in Fig. 2) are located much further apart
from one another, at distances of ~5.0A along the ¢ axis,
similar to the gap between the tessellated nets (~4.6 A). If the
distortions of the nets are neglected, then the 7P112 structure
can be described with a higher symmetry subcell (P6/mmm
space group; a/2, c/4), as detailed in the Supplemental Mate-
rial [38], Fig. S5.

The 1140 and hP112 structures derived from the analy-
sis of single-crystal XRD data were verified not to contain
carbon atoms, which could potentially originate from the di-
amond anvil or the decomposed paraffin oil. Indeed, no S
atom could be substituted with a C atom, and no significant
electronic density residuals at crystal chemically reasonable
distances for an S-C bond were observed. In the XRD pat-
terns at relevant pressures and temperatures, the diffraction
of nanocrystalline diamond was observed, inferring that it is,
along with H, a decomposition of paraffin oil. Also, the unit-
cell, space group, and sulfur atom arrangement of the #7140
and hAP112 compounds were compared against the H-S solids
previously theoretically predicted, including those identified
as potential decomposition products of H,S [21,22], and no
match was found.
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(©)

FIG. 2. Structure of the #P112 compound (hydrogen atoms are
not shown): (a) a prospective view with the unit cell outlined; (b) a
projection along the ¢ axis; and (c) a projection along the a axis.
Sulfur atoms forming the slightly distorted 3.6.3.6 nets stacking
along the ¢ axis are shown in yellow, those filling the triangular
channels in green, and those filling the hexagonal channels in orange.

B. Hydrogen content and stability of the /140 and #P112 phases

As shown in Fig. 3, the volume per sulfur atom for the
t1140 and hP112 phases obtained here are in-between those of
pure sulfur and of H3S, as well as very close to that of HsS3,
thus pointing towards the incorporation of hydrogen into their
structure. However, experimentally locating the position of
hydrogen atoms by x-ray diffraction in high-pressure com-
pounds is notoriously difficult due to the restrictions inherent
to DAC experiments. Thus, in order to predict from DFT
calculations the concentration and possible location of hydro-
gen atoms in the #7140 and #P112 phases, the experimentally
determined sulfur positions, space group symmetry, and unit-
cell dimensions were exploited. It is very well established that
DFT-based models can predict the position of hydrogen atoms
reliably (e.g., Ref. [45]).

The approach chosen here was to use the experimen-
tally determined lattice parameters, space group symmetry,
and sulfur atomic positions. Then, voids suitable for hosting
hydrogen atoms were searched for by computing Connolly
surfaces. With this approach it cannot be shown conclusively
that all possible hydrogen locations were found, but as dis-
cussed below, it provides robust information on the probable
hydrogen concentration of the compounds. The likely con-
centration is far below the maximum numbers of possible
hydrogen locations, and hence it is not really relevant if a site
was missed.

For each of the two novel high-pressure S-H com-
pounds, the structural parameters were computed first with no
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FIG. 3. Unit-cell volume per sulfur atom as a function of pres-
sure for H3S (full red line comprising the /4/mcm, Cccm, R3m, and
Im-3m phases) [15,17,46], H,S (full green line) [47], HyS; (full
orange line) [21], 11140, hP112 (full black symbols), and pure S (fill
blue line and symbol) [48,49]. The empty red symbols (/4/mcm and
Im-3m) are from our experiments. The red and green dotted lines are
the extrapolations of the equations of state of H3S [46] and H,S [47],
respectively. The H,S solid is known to disproportionate between
about 20 and 46 GPa [22]. The dashed black line is a guide to the
eye.

hydrogen incorporated and then calculated for a set of com-
pounds with increasing hydrogen content. For the #7140
structure at 62 GPa, 28 Wyckoff sites which could be popu-
lated by H atoms were found, yielding H224S 140 as the most
hydrogen-rich composition. For the AP112 structure, 288
positions were found, meaning that the most hydrogen-rich
composition is HggS;2. The results shown in Fig. 4 demon-
strate that the unit-cell volume of both /140 and AP112 is
essentially independent of the actual atomic configuration but
mostly depends on the composition. Not only is the unit-
cell volume of sulfur-V [50] close to that of hypothetical
hydrogen-free AP112, but the volumes of the fully ordered
compounds, i.e., monoclinic H3Ss and tetragonal H3S [16],
are not far off the trend derived here. The unit-cell volume of
different configurations for the same hydrogen concentration
may differ by up to 15 A3, but this corresponds to ~1% only
and is less than the symbol size. This then allowed a robust es-
timate of the actual hydrogen concentration of the compounds
experimentally observed, and hence it is concluded that the
most likely composition for the #7140 phase at 62 GPa is
Hg1.Ss, with x ~ 0.4, and the most likely composition of the
hP112 phase at 150 GPa is Hj gs+,S,, with y ~ 0.35.

The compounds which were synthesized are therefore best
described in analogy to the well-established interstitial car-
bides and nitrides. These are structures where the large metal
provides a matrix, and the small carbon or nitrogen enters
interstitial sites, with a very broad compositional range. This
is exactly what the model calculations predict here: a matrix
due to the polymerized sulfur atoms, and the interstitial sites
partially occupied by hydrogen. For a given concentration and
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FIG. 4. (a) Predicted unit-cell volumes as a function of hydrogen content for the #7140 structure at 62 GPa. (b) Predicted unit-cell volumes
as a function of hydrogen content for the 7P 112 structure at 150 GPa (empty black squares), volume of sulfur-V (green cross) [50], monoclinic
H;Ss (red circle) [16], and tetragonal H3S (blue triangle) [16]. Cyan boxes indicate the most likely composition of the experimentally

investigated samples.

pressure, the computations reveal that many structures (i.e.,
with different H position) are energetically degenerate.

Typical structures obtained for the He,Ss (x ~ 0.4 at 62
GPa) 11140 and the Hjg5+,S> (y ~ 0.35 at 150 GPa) hP112
are shown in Fig. 5. In #7140 at 62 GPa and 2P112 at 150
GPa, S-H contacts increase from 1.37 and 1.39 A upwards,
respectively. A Mulliken population analysis shows that these
are covalent bonds, with Mulliken populations decreasing
monotonically with increasing S-H distance from 0.72 /A3 at
1.37 Ato 0.4e/A> at 1.60 A for 11140, and from 0.67 ¢/A> at
1.39 A t0 0.52e/A% at 1.46 A for hP112. It is expected that in
the structures observed, a significant part of the voids remains
unfilled. Changes in the distribution of the hydrogen atoms for
a given composition only leads to small changes of up to a few
10 meV /atom, but generally much less. Hence the structures
are most likely disordered. This implies that both #7140 and
hP112 are stabilized by a substantial configurational entropy
contribution. These compounds are not stoichiometric and
their hydrogen concentration is very likely variable as a func-
tion of pressure, temperature, hydrogen fugacity, etc.

According to our calculations (Fig. S3), the 2P112 phase
is more stable than a mechanical mixture of sulfur-V and
hydrogen-III at 150 GPa [50,51]. Without accounting for
thermal and configurational entropy contributions, 2P112 is,
however, less stable than S + H3S (by ~40meV/atom) at
this same pressure. It therefore might only be metastable and
could be formed either when the synthesis commences from
the elements or due to the decomposition of hydrogen-rich
starting materials.

C. Single-crystal validation of previously observed S-H phases

Along with the #7140 and hP112 phases, the previously
known tetragonal [15,16,46] and cubic [17-19] polymorphs
of H3S were observed. We solved the structure and refined
the atomic positions of sulfur atoms in the tetragonal H3S
phase (I4/mcm space group, tI8) from single-crystal XRD
data at 100 GPa. The lattice parameters at this pressure were

found to be a =5.4513(11)A and ¢ =4.5825(3)A [V =
140.71(3) A?], as seen in Tables I and S6 [38]. These lattice
parameters and the structural arrangement of the S atoms
match those of the 78 I4/mcm H3S phase previously ob-
served [15,46]. It was reported that at higher pressures, at least
above 100 GPa, the #I8 I4/mcm Hj3S phase transforms into
an orthorhombic (space group Cccm) solid [15-17,20,52].
However, no sign of an orthorhombic distortion was detected
here, both from the accurately determined lattice parameters
or from the analysis of reciprocal space reconstructions at 100
(see Fig. S6 [38]) and 130 GPa.

At 150 GPa, analysis of the sc-XRDp measurements
showed the presence of the previously known cubic H3;S
polymorph (space group Im-3m, cI2, Tables I and S8 [38]),
whose structure was originally inferred from powder x-ray
diffraction data in combination with theoretical calculations
[15-17]. Our sc-XRDp data allowed the structure solution and
the refinement of the positions of the S atoms. The lattice
parameters display no sign of a trigonal distortion that would
be indicative of the rhombohedral R3m phase—predicted by
theory to be stable up to 180 GPa [53]—as demonstrated in
Fig. S7 [38].

IV. DISCUSSION

The results presented highlight the unique capabilities of
sc-XRDp in high-pressure crystallography. The rich single-
crystal x-ray diffraction patterns of structurally complex
phases with large unit cells—producing a quantity of re-
flections proportional to their unit-cell size—are easier
to untangle due to the possibility to visualize the three-
dimensional reciprocal space (see Fig. S8 [38]). In contrast,
powder XRD data of phases with large unit cells are typically
hard to analyze because of the peak overlap and, often, a poor
signal-to-noise ratio. As a result, even though previous x-ray
diffraction investigations denoted “parasitic” reflections, the
structural details of such phases could not be experimentally
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FIG. 5. Representative structures for the 1/140 (a) and 2P112 (b)
compounds, including hydrogen atoms, as derived based on DFT
calculations. For both structures just one of the many energetically

degenerate configurations of H atoms is shown. The H atoms are
drawn as pink spheres, whereas all other spheres represent S atoms.

resolved [16—18,21]. This point can be illustrated if one con-
siders a powder x-ray diffraction pattern of a sample contain-
ing both the ¢I2 Im-3m H3S and the hP112 phases (Fig. 6).
In this diffractogram, the higher symmetry and smaller unit
cell cI2 Im-3m H3S solid is clearly dominating the x-ray
diffraction pattern, while the hP112 structure, with a much
larger unit cell and lower symmetry, is almost undiscernible.

In addition, the finding and the structural characterization
of the 17140 and hP112 compounds point towards the limi-
tations of the ab initio computational approaches to discover
stable structures of materials. Indeed, compounds with very
large unit cells, like #7140 and hP112, would fall outside of
the range typically explored in structure searches. In fact, for
these partially disordered compounds, it currently is imprac-
tical to explore their stability in detail, as this would require
very extensive computational resources. It is worth noting that
the H4S; phase previously reported [21] was not observed in
our experiments.

The formation of the /140 and hP112 compounds with
variable stoichiometry in the pressure range of 45-130 GPa
and at 150 GPa, respectively, has profound implications for
the understanding of the S-H phase diagram and, in turn,
for the analysis and interpretation of the resistance as well
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FIG. 6. Upper panel: Powder x-ray diffraction pattern of the
sample containing both the #P112 and c/2 Im-3m H;3S phases. The
pattern (red curve) was obtained through integration of the raw two-
dimensional (2D) XRD data recorded without sample rotation; the
hP112 phase in the raw data was manifested by dots of single-crystal
reflections only—their positions in the integrated red pattern are
marked by asterisks. Masking the single-crystal reflections (see Fig.
S9 [38]) before the integration makes the #P112 phase unidentifiable
(black curve). Bottom panel: Calculated diffractograms of the c/2
Im-3m H;3S, hP112, and Re phases (purple, orange, and blue, re-
spectively). Relative intensities of the #P112 peaks in the calculated
pattern do not match those in the red diffractogram of the upper
panel, as the latter are affected by the nature of the sample—single
crystals of the #P112 phase are insufficient in number to produce
the diffraction rings—and by the procedure of the experimental data
collection (the 2D XRD data were recorded without sample rotation).

as other physical properties measurements on the complex
S-H system at high pressure [1,19,23]. Employed first as a
precursor to produce samples reported to have a high T,
H,S is known to decompose upon compression to pressures
above ~50GPa [54], yielding H3S as well as phases with
a lower H concentration. However, so far the high 7. was
attributed solely to the ¢I2 Im-3m H3S phase [17-19], and
the other decomposition product was typically assumed to be
pure sulfur [18]—contradicting many theoretical predictions
[16,21,22,55]. The ¢t1140 and AP112 S-H compounds might
be reasonable candidates as the decomposition products of
compressed H,S, which could potentially explain the vari-
ations in its 7. measurements [1,23]. The formation of the
t1140 and hP112 phases could also be expected from an
elemental synthesis [15,17,19]. When the H:S ratio in the
whole sample (i.e. with all atoms in the pressure chamber
counted) is lower than 3, the formation of /140 and AP112
is anticipated. Even for samples with a H:S ratio above 3,
sufficient hydrogenation of the bulk of the piece of sulfur is
still not ensured, as suggested by “parasitic” x-ray diffraction
peaks accompanying those of H3S [15,17].

V. CONCLUSION

The presented investigation of the sulfur-paraffin system up
to 150 GPa by sc-XRDp led to the synthesis of two new sulfur-
hydrogen compounds, #7140 He,Ss (x ~ 0.4 at 62 GPa) and
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hP112 Hj 854S, (y ~ 0.35 at 150 GPa). The structure of two
previously identified H3S polymorphs (¢I8 I4/mcm and cI2
Im-3m) were solved and refined from sc-XRDp data. The
very large unit cells of both #7140 and AP112 phases readily
explain why neither have been observed in earlier powder
x-ray diffraction studies nor predicted by theoretical calcu-
lations. The new compounds are not stoichiometric, and their
hydrogen concentration is very likely variable as a function of
pressure, temperature, hydrogen fugacity, etc.

The discovery of the S-H compounds with low H
concentration firmly reconciles ab initio predictions with ex-
perimental observations. These phases provide a key piece in
understanding the contentious H,S decomposition products.
It is important to investigate whether /140 and hAP112 are
superconducting, and if so, at which temperature, because
the presence of these phases may affect 7, measurements
in the H-S system. Our study underlines the importance
of such a highly accurate and sensitive characterization
method as sc-XRDp for studying complex systems and

reveals the difficulties theoretical calculations face in predict-
ing hydrogen-containing high-pressure phases.
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