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The chemical reaction products of elemental sulfur (S), selenium (Se), and molecular hydrogen (H») at high pressures
and room temperature are probed by Raman spectroscopy. Two known compounds H,S and H;Se can be synthesized after
laser heating at pressures lower than 1 GPa. Under further compression at room temperature, an H,S—-H;Se and an HyS—
H;Se-H, van der Waals compounds are synthesized at 4 GPa and 6 GPa, respectively. The later is of guest—host structure
and can be identified as (st)x(ste)(zfx) Hj. It can be maintained up to 37 GPa at least, and the stability of its HpSe
molecules is extended: the H-Se stretching mode can be detected at least to 36 GPa but disappears at 22 GPa in (H,Se),H,.
The pressure dependence of S—H and Se-H stretching modes of this ternary compound is in line with that of (H,S),H,
and (H,Se),Hj, respectively. However, its hydrogen subsystem only shows the relevance to (H,S);H», indicating that this
ternary compound can be viewed as HpSe-replaced partial H>S of (H>S),H».

Keywords: hydride, high pressure, Raman spectroscopy

PACS: 78.30.—j, 82.40.Fp, 74.70.-b

1. Introduction

Metallic hydrogen!!! attracts a lot interest due to

its charming properties, especially room-temperature
superconductivity.”’l However, the enormous pressure re-
quired makes such a state of hydrogen remain a challenge.
Chemical precompression in hydrides has been proposed to
facilitate metallization of hydrogen.[*! Based on this, many
hydrides are predicted to be candidates for high temperature
superconductors.“% Moreover, high temperature supercon-
ductivity of hydrides is proved in H3S which shows a re-
markably high superconducting transition temperature 7T¢ of
203 K at 150 GPa.!”) Since then, a lot of new hydrides are

8-101 and record of the highest 7c is broken by

synthesized!
hydrides in rapid succession.[!!~13]

As H3S is the first material to demonstrate such a high
temperature superconductivity, the investigation into mech-
anism of the high 7¢ of H3S has been a hot topic and
fruitful. '"*17] Tt was suggested that superconductivity of H3S
can be attributed to conventional phonon-mediated mech-
anism as it exhibits strong covalent bonds giving rise to

%18 Improving the cova-

large electron—phonon couplings. !
lent characteristics of the sulfur-hydrogen bond by replac-
ing S atoms with mixtures of chalcogens or other atoms is a
good choice to further enhance superconducting properties of
H3S."%) Several ternary hydrides based on the H3S structure
were predicted to exhibit high-T¢ behavior.['%-2? Recently,
a carbonaceous sulfur hydride exhibited room-temperature

superconductivity.!'3) However, superconductivities in other

DOI: 10.1088/1674-1056/abf7aa

doping systems are still to be confirmed experimentally. It is
of fundamental importance to investigate the synthesis condi-
tions of these hydrides.

Superconducting H3S is of cubic Im-3m structure. 1623
It can be considered as being stoichiometrically dispro-
portionate H>S[7?41 or synthesized by the directly laser-
heated elements.[?>! Besides, a molecular host—-guest com-
pound (H>S);H, with the same stoichiometry as H3S was
found at low pressures,[26] and it remained stable at up to
160 GPa.[?’?8] The room-temperature superconductor, car-
bonaceous sulfur hydride, was suggested to have a similar
host—guest structure (CHy) X(H2S)(27x)H2 based on its Raman
spectra,[13-28] but different from H3S.[**! On the other hand,
owing to similar kinetic diameters of H,S, CHy4, and H,Se,
it is possible to expect a similar van der Waals compound in
H-S-Se system by substituting H>S for HySe. Moreover, this
ternary compound of H-S—Se promises to be achieved by us-
ing a similar route carbonaceous sulfur hydride. !>

Here in this work, the ternary compound in H-S-Se
system at high pressures is synthesized. This compound
has a molecular host—guest structure and can be named
(HQS)X(HQSe)(Z_x)HZ (0 < x < 2). The ternary compound can
be maintained at up to 37 GPa at least. The pressure depen-
dence of S—H and Se-H stretching modes of this ternary com-
pound are excellently corresponding to that of (H,S),H, %8
and (H,Se),H,,®! respectively. But its hydrogen subsystem
only shows the relevance to (H,S),H,. Moreover, unlike
(H,Se),H, ®! and pure H,Se,*%l H,Se molecule has the stabil-
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ity that can be extended in this ternary system as H-Se stretch-
ing mode can be detected in the whole pressure range.

2. Experimental methods

Symmetric diamond anvil cells (DACs) equipped with
anvils with central culets of 250 wm in diameter were em-
ployed in the experiments. Small pieces of S and Se were
positioned close to a hole in a rhenium gasket and filled with
H; gas at ~ 200 MPa. Two samples (A and B) were used in
this experiment.

Because H,S solifies at a low pressure of about
1.1 GPa,[?0! in order to get fluid H,S and H;Se, laser heat-
ing are performed at pressures lower than 1 GPa. Samples A
and B were heated at 0.9 GPa and 0.4 GPa, respectively. Laser
sharply focused on a spot of 2 pum-3 pm in diameter irradiated
two solids alternatingly for a few seconds and moved back and
forth. The 532-nm solid state laser at power about 460 mW
was used in laser heating to melt S and Se. Synthesis of H>S
and H;Se are judged from Raman spectra measured. Once the
mixture of H,S, H»Se, and H, became fluids, the DAC was
compressed up to 37 GPa at room temperature.

Pressure was determined by using the ruby
fluorescence.?!! For the Raman experiments, a backscatter-
ing geometry was adopted for confocal measurements with an
incident laser wavelength of 532 nm.3?! The Raman notch fil-
ter is of a very narrow bandpass (Optigrate), allowing Raman
measurements down to 10 cm ™~ in the Stokes and anti-Stokes.
One of these notch filters was used as a beam splitter to inject

the laser into the optical path.

3. Results and discussion

After being heated by laser, both solid S and Se melt as
observed visually. The transparent region looks uniform with-
out boundary of fluids. Meanwhile, Raman spectra measured
at different positions in H, region all show two new sharp
peaks at about 2350 cm~! and 2620 cm™! (Fig. 3). These
two peaks can be assigned to Se-H[*3! and S—-HD! stretching
modes, respectively. The S-H stretching mode has higher in-
tensity than Se-H stretching mode. Summing up the above,
fluids H,S and H,Se are synthesized and mix well with each
other and also together with Hy. The two samples A and B
show similar outcomes in the further experiment. However,
some different phenomena are observed. It is worthwhile to
describe the changes in two samples respectively.

In sample A, at 6.8 GPa, H; region is filled with punctate
black solids (Fig. 1(a)). However, they are too small to be char-
acterized by Raman spectra. On the other hand, high-intensity
S—-H and Se-H stretching modes can be detected simultane-
ously at boundary of S and Se, along with an additional Ra-
man peak at lower frequency in H-H vibron. Although there

are some peaks in lattice region at about 200 cm~!, no peak
can be attributed to S—Se bond.**! The Raman spectrum mea-
sured shows the coexistence of molecular H,S, H,Se, and pro-
longed Hj, indicating the formation of van der Waals S—Se—
H ternary hydride like (H,S),H,?%?8! and (H,Se),H,.®! On
the other hand, owing to similar kinetic diameters of H,S and
H,Se,8! the substitution of HoSe for H,S is possible and it
is a good choice to describe this new ternary compound as
(HgS)x(HQSe)(z,x)Hz (0 < x < 2). No further change is ob-
served in image of compression later. But at pressures above
27 GPa, Raman spectra are degraded, making the peaks hard
to distinguish.

When pressure decreased to 9.5 GPa, three transparent
single crystals emerge (Figs. 1(b) and 2(a)). These crys-
tals have similar spectra to ternary compound at boundary
of S and Se (Figs. 1(a) and 1(b)). Some differences includ-
ing no sharp peak at about 200 cm~! are caused by mea-
surement relatively far from S and Se. These transparent
single crystals can be recognized as being different form of
(H2S)x(Ha2Se) (2 Ha. At3.7 GPa, (H2S)(H2Se) (> Ha turns
into HyS—H»,Se van der Waals compound which does not have
prolonged H; molecules (Fig. 2(b)). Meanwhile, small punc-
tate black solids disappear. Finally, DAC is successfully de-
compressed to 0.6 GPa. At this pressure, all kinds of crystals
decompose. Instead, some scale-like vesicles spatially sepa-
rated appear in chamber (Fig. 2(c)), figuring out immiscibility
of fluid H,S, H,Se, and H,. Furthermore, after being exposed
to the laser, the transparent part quickly turns into a uniform
three-fluid mixture.

(a)

Raman intensity (arb. units)

1 N 1 1 1 Y3 1 3

0 400 800 1200 2200 2600 4200
Raman shift (cm~1)

Fig. 1. Microscopic images and Raman spectra of (HZS)X(HzSe)(z,X)Hz in
different forms at about 6 GPa, showing (a) compound at boundary of S and
Se, (b) single-crystalline compound obtained on decompression, (c) crystal
attached on Se, and (d) mall black solid compound. Spectra are measured at
positions marked as red circles.

In sample B, van der Waals compound of H,S and H;Se
is also observed on compression at 4.1 GPa. This compound
grows up gradually as a transparent crystal adjoining Se ap-
proaches to fluid H, region. Its Raman spectrum is shown in
Fig. 3.
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Fig. 2. Microscopic images of sample A at different pressures on decompression, showing (a) growing-out crystalline (HzS)(H2Se) 2 Hz,
(b) emerging Ho S—H;Se van der Waals solid, (c) immiscibility of fluid H,S and H,Se with Hj.
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Fig. 3. Raman spectra of H-S—Se compounds in sample B at different pressures.

At 6.1 GPa, the van der Waals compound of H,S and
H,Se disappears. Instead, the same small black solids which
are present in sample A emerge in H, region (Fig. 1(d)).
These solids are much bigger on this occasion. Their Ra-
man spectra are in common with spectra of single-crystalline
(H2S)+(HzSe) (> Ha obtained on decompression (Figs. 1(b)
and 1(d)). Besides, spectra with S—H and Se-H stretching
modes and extra H-H vibron are detected at boundary of S
and Se, as done in sample A. These two spectra figure out that
the H-S-Se ternary compound (H2S)x(H2Se); ) H is also
synthesized in sample B. And H-S-Se ternary compound is
in the form of small black solid. To obtain bigger crystalline
solid for high-quality spectra, sample B is decompressed to
5.3 GPa. At this point, small black solids disappear, and the
ternary compound cannot be detected on S or Se either. Mean-
while, fluid H>S comes back and shows a sharp peak at about
2650 cm~!.
ternary compound regains as a black solid at edge of Se where

When compressing sample again to 6.7 GPa,

H,S-H;Se van der Waals solid was located before. It is not big
but shows a good Raman spectrum with high-intensity Raman
characteristic peaks (Figs. 1(c) and 2).

At 20.4 GPa, a new component of stretching mode ap-
pears at 2600 cm™! (Figs. 3 and 4). This splitting of S—-H Ra-
man vibrational stretching mode is due to strengthening of H
bonding between neighboring H,S molecules. The same clues
can also be found in (H,S),H, %28 and pure H,S.[3-3%] Be-
sides, the H-H vibron splitting observed in (H,S),H; is also
observed in ternary compound at 2.4 GPa. But the pressure
of peak splitting is hysteretic in comparison with (H>S),Hs.
The later material finishes this phase transition at 16.7 GPa.

I arise from S and Se,

Because some peaks at about 200 cm™
the lattice modes of compound cannot be distinguished well.
But orientational ordering of H>S molecules which are con-
current with splitting of S—H stretching mode and H-H vibron
in (H2S),H, disappear at 20.4 GPa in (HZS)X(HZSC)(Z,X) H,.
Above 29.9 GPa, Se-H stretching becomes weak but

127801-3
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can still be resolved. Its lifespan has been prolonged while
(H,Se)>H» (8] and pure H,Se% are not stable at room temper-
ature and chemically decomposes above 22 GPa. Even though
this binary compound is stable at low temperature, its Raman
signal will lose above 29 GPa. Above 31.6 GPa, stretching
modes turns into a broad band. Meanwhile, two peaks of H-H
vibron belonging to compound are equal in intensity.

Without regard to different initiate or terminate pressures,
the pressure dependence of S—H and Se—H stretching modes of
(H28).(H2Se)(,_Hy is in line with that of (H2S);H,!**! and
(H,Se),H,, 8! respectively (Fig. 4). These correspondences
indicate that H,S and H;Se exist in the same coordinate as
their binary guest—host compounds. Because of similar struc-
ture of (H,S),H, and (H,Se),H,, with the addition of similar
kinetic diameters of H>S and H,Se, substitution of H,Se for
H;,S or vice versa is possible to form H-S-Se ternary com-
pound.

@0
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Fig. 4. The pressure-dependent S-H and Se-H stretching modes of
(st)x(HZSe)(z,x)Hz in comparison with those of (H,S),H, (28] (dashed
lines) and (H,Se),H,!® (dotted line), respectively.

From pressure-dependent H-H vibron (Fig. 5), the transi-
tion of Hy subsystem in (HQS)X(Hgse)(z,x)Hg only conforms
to that of (H,S),H,,8! while H, molecule in (H»Se);H,
are abandoned. It is shown that the ternary compound has
(H,S),H, as framework and the substitution of H,Se for H,S
has more chances. In addition, no contribution of H,Se in
H; subsystem provides a clue to certifying the formation of
ternary compound. If ternary compound does not exist, but the
mixture of two binary compounds (H>S),H, and (H,Se),H>
participates in Raman measurement, the H-H vibron mode of
(H,Se)>H; should be detected.

Although the earlier theoretical studies predict that the
S—Se—H ternary hydride should be based on a cubic struc-
ture in Im3m phase with a strong covalent character through

atomic substitution, 20211

our experiments suggest the syn-
thesized S—Se-H ternary compound is a van der Waals com-
pound with guest-host structure like C—S—H room tempera-
ture superconductor.!!32° The new S—Se—H ternary hydride is

also possible to be a superconductor with high transition tem-

perature driven by strong electron—phonon coupling to high-
frequency hydrogen phonon modes.*33% To further reveal
the structural and superconducting properties of the S—Se—
H ternary hydride, synchrotron x-ray diffraction and charge

transport studies are needed in future.

4250
= 4200
NS
b 6
2 4150
[}
=]
<
£ 4100}
~ 007~
o o (HjS).(HzSe)(2—s)Ha, this work ° N
4050 (HsSe)oHa, Zhang et al., 2020
- (I—IIQS)ZHQI. Pace et al., 2020 . .

0 5 10 15 20 25 30 35 40
Pressure (GPa)

Fig. 5. Pressure-dependent H-H vibron of (H,S),(H2Se)(;_,)Hz in compar-

ison with (H2S),H, 28] (dashed lines) and H3Se!®! (dotted line). Solid line
refers to literature data for Hy.37)

4. Conclusions

Chemical transformations in H-S—Se system are detected
with Raman spectroscopy in this experiment. The H,S and
H,Se can combine into a van der Waals solid at about 4 GPa.
More importantly, a ternary van der Waals compound of
H,S-H;Se-H, is synthesized at about 6 GPa.
pound has a guest-host structure and can be identified as

This com-

(HQS)X(ste)(z_x)Hz because HpSe replaces partial H,S in
(H2S),H;. This compound is stable at up to 37 GPa at least
and down to 3.6 GPa. The changes in properties of this ma-
terial with pressure are very well consistent with the behav-
ior of (H,S),H;. Moreover, the stability of H,Se molecule
is improved in this ternary system, besides the decomposition
in (H,Se)>,H, and pure HySe. These results pave the way to
studying the properties of this material at higher pressures and
are conducive to the study of other ternary hydrides.
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