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Abstract

The chalcogens are known to react with one another to form interchalcogens, which ex-

hibit a diverse range of bonding and conductive behaviour due to the large difference in

electronegativity between the group members. However, the interchangeability between

sulfur and selenium atoms in molecular chalcogenides, to form mixed chalcogenide hy-

drides has not yet been experimentally explored. Through a series of high pressure

diamond anvil experiments combined with density functional theory calculations, we

report the synthesis of an S-Se hydride. At pressures above 4 GPa we observe the

formation of a single solid comprised of both H2Se and H2S molecular units. Further

compression in a hydrogen medium, leads to the formation of a disordered compound

(H2SexS1−x)2H2, and we observe a subsequent sequence of transitions associated with

the arrested rotation of molecules. At pressures above 55 GPa, we observe the dis-

appearance of the vibrational modes indicating the symmetrisation of hydrogen bonds

concomitantly with the metallizaton of the sample. X-ray diffraction indicates that

the chalcogen atomic configuration are unchanged up to at least 85 GPa, and we pre-

dict a transformation to the non-molecular H3SexS1−x with increasing pressure, above

110 GPa. The existence of a continuous solid solution in the molecular precursor could

enable one to tune the electronic properties by varying the S:Se concentration.

Graphical TOC Entry
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Introduction

The report of high temperature superconductivity at 190 K and 200 GPa in hydrogen

sulfide (H3S) has exponentially triggered interest in the high-pressure sulfur-hydrogen sys-

tem.1–4 Surprisingly, the majority of studies to date have concentrated on the synthesis

pathway of H3S from either an H2S precursor, or by laser heating S+H2.1,3,5 However, there

are few experimental studies concerning the van der Waals compound (H2S)2H2, which is

identical from a stoichiometric perspective to the superconducting material.6

Aiming to understand the composition and nature of bonding in the superconducting

sulfur-hydrogen system, while attempting to decrease the pressure at which superconduct-

ing properties are dominant, the heavier hydrogen chalcogenides have been thoroughly in-

vestigated, H2Se7,8 and H2Te.9 Although superconductivity is predicted in both systems,

experimental results suggest that neither is stable at the theoretically estimated conditions

for superconductivity. Experimentally it is well known that in transition metal chalcogenides

the electronic band gap can be modified by the substitution of sulfur by selenium to attain

more desirable electronic properties.10–12 Following this approach, recent theoretical studies

explored hypothetical systems that partially substituted the sulfur atoms of superconducting

Im3m H3S for Se atoms.13–15 Based on the Im3̄m structure Liu et al.14 explored S0.5Se0.5H3

superconducting properties at 200 GPa. They found that S0.5Se0.5H3 would prefer an ordered

structure over structural disorder, but the H3S critical temperature would remain higher than

in the substituted structure, attributing this to covalent bonding.14 A more recent theoreti-

cal report by Amsler15 broadened the composition range of S/Se within the (S,Se)H3 Im3̄m

structure at 150 and 200 GPa. Amsler15 explored different thermodynamically stable phases

finding S0.2Se0.8H3, S0.3Se0.7H3, S0.6Se0.4H3 at 200 GPa, and two different stoichiometries

would appear at 150 GPa, S0.25Se0.75H3 and S0.75Se0.25H3. All theoretical reports agree on

the fact that the highest Tc is achieved in the pure sulfur system, as it should be related

to the strength of the covalent bond.13–15 The need to explore the concept of doping the

H-S system to tune the superconductive properties is best exemplified by the extraordinarily
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high Tc’s achieved through the doping of carbon.16

Recently, there has been great interest in how the molecular insulator (H2S)2H2 trans-

forms into the non-molecular superconductor H3S.1,3,5,6,17 At low pressures (H2S)2H2 adopts

phase I, determined to have an Al2Cu type I4/mcm structure with H2 molecules hosted

within channels formed by an H2S framework.6,17 On further compression above 16 GPa,

changes in the vibrational Raman spectra were attributed to a transition to a second phase,

phase II (and II’), before transforming to phase III in which the S atomic configuration is

better described by Cccm. At higher pressure, there is a predicted transition from Cccm to

non-molecular Im3̄m which is metallic and superconducting with Tc values of 191 to 204 K

at 200 GPa.5 This, I4/mcm host-guest compound is driven by efficient molecular packing

rather than significant hydrogen bonding, and it seems to be recurrent for other elements of

group XVI, as the same has been reported for selenium hydrides.7,8 This transition sequence

has yet to be experimentally confirmed, however Im3̄m H3S was experimentally determined

as the structure exhibiting high Tc’s in the H-S system.1,18

Theoretical investigations of partial sulfur-selenium substitution have only explored the

pressure regimes above 150 GPa where Im3̄m H3S is stable, and did not account for any

(H2S)2H2 molecular phases.13–15 The H3S based structure is metallic and reported to be

formed by a network of covalently bonded atoms, however, the (H2S)2H2 is formed by H2S

and H2 molecular units held by hydrogen bonding and van der Waals interactions. Therefore,

theoretical studies on Se substitution of (H2S)2H2 still remain uncharted territory.

Here we report the first mixed chalcogen hydride to be found experimentally. By com-

bining H2S, H2Se with an excess of H2 within the diamond anvil cell (DAC) we synthesize

(H2SxSe1−x)2H2. Raman spectroscopy and x-ray diffraction were used to confirm the forma-

tion of the host-guest compound known to form between hydrogen and the hydrogen chalco-

genides above 4.5 GPa. X-ray diffraction measurements suggest that the chalcogens adopt

I4/mcm symmetry, with hydrogen positions undetermined. Our results are complemented

with density functional theory calculations which predict that the alloy has substitutional
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disorder at room temperature, with any stoichiometries being possible. Molecular dynamics

calculations show rotating molecules, with the I4/mcm structure transforming with pressure

to Cccm-type phases where molecular rotation stops. The vibrational Raman spectra dis-

appears in phase III, indicative of hydrogen bond symmetrisation, whilst the sample reflects

light in the visible. Experimentally phase III is stable to at least 85 GPa.

Results

We have investigated two synthesis pathways; S+Se+H2, with the ratio of S:Se approximately

1:1, and SeS2+H2. All samples were loaded with an excess of H2 at a pressure of 0.2 GPa. For

further information regarding sample purities and loading techniques, see the experimental

details section. After loading, sample pressure was increased to 0.5 GPa, and heated to a

temperature of 473 K. At this temperature the S + Se or SeS2 precursor was observed to

react immediately with the surrounding H2. On temperature quench, Raman spectroscopy

measurements of the samples confirmed synthesis of a fluid mixture of H2S, H2Se and H2

through the corresponding intramolecular vibrational excitations (vibrons).

Between pressures of 0.5 GPa and 1 GPa, we observe the formation of crystals (see

Fig. 1b) that exhibit both H2S and H2Se vibrational excitations (Fig. 1a - Fig. 2). Each

crystal in a given sample showed uniform intensity of the H2S:H2Se vibrational modes, al-

luding to the formation of an interchalcogen molecular alloy, H2SxSe1−x. X-ray diffraction

patterns were consistent with the formation of single crystals indexed to Fm3m (a=5.3362(4)

Å) equivalent to phase I of H2S/H2Se with unit cell volumes at intermediate values (Fig. 3).

Upon further compression above 4.5 GPa, the crystals visibly changed shape (see Fig.

1b) and a new vibrational mode appears at a Raman frequency of 4129 cm−1 (Fig. 1a and

Fig. 2) and an IR frequency of 4129 cm−1, Fig. S1. This new mode, which we denote ν1-H2

is lower than the frequency of the surrounding H2 media, and corresponds to H2 units in a

new compound, which we identify as (H2SxSe1−x)2H2. Comparison of the spectral features

5



ad bd

2yGPa

5yGPa

41yyGPa

57yyGPa

200 400 600 800 1000 1600 1800 2000 2200 2400 2600 2800 4000 4200

pH2Sd2H2

RamanyShiftyprel.ycm−1d

R
am

an
yI

nt
en

si
ty

yp
ar

b.
yu

ni
ts

d

5.6yGPa
pH2Sed2H2

x1

pH2SxSe1-xd2H2
5.5yGPa

13.5yGPa

PhaseyI

PhaseyII
20.4yGPa

29.7yGPa

PhaseyIII41.6yGPa

47.7yGPa

x1.5

6.0yGPa

x2

57.0yGPa

Decompressed

33.1yGPa

37.5yGPa

Figure 1: a) Representative Raman spectra on compression for (H2SxSe1−x)2H2 at 300 K.
The bottom spectra correspond to (H2S)2H2 (blue) and(H2Se)2H2 (red) at 5.6 GPa, included
for comparison.6,7,17 The top spectrum is measured on decompression, demonstrating the
reversibility of the phase transitions. The spectra are divided in three regions, scaled by 1,
1.5 and 2 times in intensity. the central region includes the fittings to the H-Se and H-S
contributions as shadowed areas. Grey areas are used to identify Phase I and blue for Phase
II, The contribution at the highest frequency in the central spectral region shown as empty
purple curve corresponds to second order diamond. b) Photomicrographs of the sample at
selected pressures during compression.

between (H2SxSe1−x)2H2 with those of the binary systems, (H2S)2H2 and (H2Se)2H2, at

similar pressures indicates that an analogous structure has formed, Figs. 2 S2-6.6,7,17

Fig. 1 shows the Raman spectra of (H2S)2H2 and (H2Se)2H2 at 5.6 GPa, where their

two most characteristic features are the H2S and H2Se band centred at 2537 and 2257 cm−1,

respectively; and the ν1-H2 mode at 4145 and 4110 cm−1, respectively. Comparing with our
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Figure 2: Raman shift as a function of pressure for the (H2SxSe1−x)2H2; Left panel contains
the the hydrogen-sulfur and hydrogen-selenium vibrons and right panel the hydrogen ones.
Filled symbols correspond to Raman measurements and crosses to IR ones. Shadowed regions
are used to indicate the full width half maximum of the fitted bands. Blue and red dashed
are data inserted from (H2S)2H2 and (H2Se)2H2, respectively.7,17 Vertical dotted-dashed lines
mark the different phases assigned for (H2SxSe1−x)2H2

experimental results for (H2SxSe1−x)2H2 (see Fig. 1 and 2a.), we find that the H2S and H2Se

vibrons are initially at approximate frequencies, whilst ν1-H2 is shifted to an intermediate

value (4125 cm−1 at 5.6 GPa) between that of (H2S)H2 and (H2Se)H2. Interestingly, the

widths of the vibrons in both the binary and the ternary compound are comparable.

Above 4.5 GPa, x-ray diffraction patterns are consistent with those observed for phase-I

of the binary host-guest compounds (H2S)H2 and (H2Se)H2.6,7,17 At 4.75 GPa the refined

unit cells parameters indexed in I4/mcm were a = 7.4087(2) Å, c = 6.1222(1) Å, and volume

of 336.04(1) Å3 (see Fig. 3). This volume lies between the values observed for the binary

host-guest compounds, supporting the evidence that the product is a ternary molecular alloy

rather than a mixture of two binary compounds, H2S and H2Se. If a mixture was formed,

one would expect to see splitting of all the diffraction peaks, which is not observed here. Due
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to poor powder quality, a full Rietveld refinement was not possible, however a comparison

at 4.5 GPa Le bail refinements of and the unit cell described above with S/Se atoms in the

8h position (x=0.34047, y =0.15953) with occupancies of 0.5 (Fig. S9).

To further investigate the arrangement of sulfur and selenium atoms, we have calculated

the formation enthalpies for various ordered supercells (Fig. S10) as implemented in the

ATAT code19 performed on I4/mcm at 5 GPa, Fig. 4(a), with the underlying DFT cal-

culations using the VASP code.20 At 0 K the I4/mcm structure is clearly unstable versus

distortions of the hydrogen arrangements for pure (H2S)2H2 and (H2Se)2H2 and mixed S/Se

ratios. Therefore, we allowed it to distort and considered the resulting low-symmetry struc-

ture (P1) as the reference structure for the cluster expansion. All the associated enthalpies

of most arrangements are within a few meV. In particular, the most stable structures at each

ratio are only up to 2 meV higher in enthalpy than the pure compounds. This opens the

possibility of an order-disorder transition to overcome such small a energy barrier favouring

disorder S/Se arrangements within the I4/mcm.

Apart from the resulting P1 structures, we have also considered the original I4/mcm

structure proposed by Strobel6 the C2/c structure predicted to be stable at 0 K for (H2S)2H2
21

and a low symmetry structure I422 (see Fig. S10) found in the convex hull at x=0.5 when

the end pure species have I4/mcm symmetry.

The dominant contribution to the order-disorder transition is the entropy of mixing. We

use a Monte Carlo approach,22,23 treating Se and S as Ising spins with neighbours determined

from the DFT structure (See Fig. S11). The Hamiltonian for this system is therefore:

H =
1

2

∑
i,m,n

σi(J1σin + J2σim)

Where sulfur is represented by σ = 1 and selenium by σ = 0 the index i runs over all

sites, in and im run over two types of neighbours, four with and seven without hydrogen

bonds. The factor of 1
2
accounts for doubly-counting each bond.

In distinguishing neighbours, we regard the system as being hydrogen bonded. To map
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the atomic positions onto a lattice suitable for Monte Carlo, we first identify the hydrogen-

bonds in (H2S)2H2. This is done by finding the two nearest S neighbours for each non H2

hydrogen atom. This defines a unique network or fourfold coordinated S sites. We note that

the hydrogen-bonded pairs are not necessarily the closest S/Se neighbours. Hydrogen-bonded

neighbours are designated in and 7 other close neighbours by im.

With S-Se attractions, either J1 = J2 = 1, or J1 = 1; J2 = 0.5, this model finds a 50-50

ordered ground state. The MC allows us to readily identify it as having all hydrogen-bonded

molecular pairs in comprised of different atoms (i.e. SeH2 bonds to SH2). We can therefore

identify hydrogen bonding as the primary source of cohesion. This does not fully define the

structure - in both DFT and MC we also find that the remaining neighbours are split 4-3 in

favour of unlike S-Se neighbours. This is the largest fraction of unlike unbonded neighbours

possible compatible with the hydrogen-bonded networks. Alternately, if the S-Se repel, the

system phase separates into (H2S)2H2 and (H2Se)2H2 .

The order-disorder transition in this system can be readily identified from a peak in

the heat capacity (Supplementary Fig. S12, which is itself measured from fluctuations on

the energy 〈H2〉 − 〈H〉2.22,23 In Monte Carlo units with J1 = 1 the transition occurs at

about T=3, for either value of J2. In the J1 = J2 = −1 case there is no frustration in the

ordered structures, and this becomes T=8.5. To convert this to an estimate of the transition

temperature, J1 and J2 are fitted to the DFT data (Fig 4(a)). If there are no stable compound

phases on the convex hull (Fig. 4(a)) then we must take J1 and J2 as negative. From Fig.

4(a)we see that the formation enthalpy of a disordered structure is 5.5 meV/site (implying

J1=1meV/bond). This implies an order-disorder temperature of 8.5J1 = 8.5 meV = 100 K. In

Fig.4(b) the energy differences are even smaller. Despite the approximations involved in this

calculation, it is clear that the DFT energies imply a disordered alloy at room temperature.

Compressing phase I of (H2SxSe1−x)H2, we observe an increase of the ν1-H2 vibron fre-

quency, whilst the H-S and H-Se vibrational bands continuously decrease in frequency. Be-

tween 15 - 20 GPa, we observe asymmetric broadening of the ν1-H2 Raman and IR modes,
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Figure 3: (a) Le Bail refinement fit of the I4/mcm and Cccm structures for (H2SxSe1−x)2H2

to x-ray diffraction (λ = 0.2922 Å) data collected at 5 GPa (lower) and at 85 GPa (upper).
b)Refined unit cell volumes as a function of pressure compared to volumetric data from
(H2S)2H2, (H2Se)2H2.6,7,17

together with a redistribution of intensity of the H-S and H-Se vibrational bands (see Fig.1

and Fig.S1-S7). Simultaneously, we observe the emergence of distinct Raman lattice modes,

which resemble that of phase II of (H2S)2H2 (see Fig. S6 for comparison).

Changes were also observed at equivalent pressures in (H2S)2H2, interpreted as a transi-

tion to a phase II (and II’), however the vibrational spectra are more complex, with ν1-H2

splitting into 4 distinct modes by 25 GPa (see Fig.2b for comparison).17 Conversely, no

splitting of ν1-H2 was observed in the equivalent Se compound up to pressures of 22.5 GPa.7

Interestingly, ν1-H2 of the alloy more closely resembles to that of (H2Se)2H2, however H2Se

molecules are stabilized to considerably higher pressure in the alloy than in either pure H2Se

or (H2Se)2H2, which both decompose above 22 GPa at 300 K.7 In analogy with the pure

species, we assign the spectral changes at around 15-20 GPa to the transition phase I to
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phase II. As in the case of the pure species,7,17 x-ray diffraction does not show any changes

on compression which could be related to a phase transition. Therefore, the observed vibra-

tional changes can be associated with the H2S - H2Se - H2 pressure induced redistribution,

weakening the intramolecular bonds and strengthening the intermolecular ones. This also

expalines the growth of the new low frequency (lattice) modes.

Since temperature plays an important role for the stabilization of the corresponding struc-

tures as the order-disorder transition signals, we perform molecular dynamics. At 20 GPa we

observe a change where the H2S and H2Se molecules are no longer rotating freely. The S/Se

atomic configurations do not change, (consistent with our x-ray diffraction measurements in

Fig. 3 and S7. The H2S and H2Se can be viewed as a hydrogen-bonded network with H2

accommodated in two types of channel, see Fig. S13 for electron localization function (ELF)

representation. In one channel the surrounding square of Se/S atoms is hydrogen-bonded,

in the other the Se/S are adjacent. The H2 molecules in the larger channels rotate in the xy

plane, while in the narrower channels they are oriented along the z-axis (Fig. S13).

As seen in Figs. 1 and 2, the H-S and H-Se bands in phase II of (H2SxSe1−x)H2 con-

tinuously broaden and decrease in intensity with pressure, and above 40 GPa, the modes

are indistinguishable from the background Raman signal. Simultaneously at 40 GPa, the

ν1-H2 mode is superseded by two distinct modes at 4040 and 4160 cm−1. Although in x-ray

diffraction a continuity of the diffraction patterns with compression is seen (Fig. S7), the

analysis of the diffraction pattern at 85 GPa is consistent with a Cccm space group, with a

= 8.1610(19), b = 8.217(2) and c = 4.7553(10) Å (see Fig. 3 and S14). It is worth noting

that the I4/mcm (tetragonal) and Cccm (orthorhombic) symmetries are indistinguishable

if the unit cell dimensions a and b are identical.

DFT calculations show that on compression of the binary (H2S)2H2 (and (H2Se)2H2)

system the S-atom (Se-atom) configurations remain constant across all known experimental

and predicted phases. Stability calculations for (H2Se)2H2 at 0 K reveal a similar set of can-

didate structures to those predicted for (H2S)2H2 (see Fig. S15).5,21 These are C2/c, stable
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at low pressures, Cccm at intermediate pressure and R3m and Im3m at high pressure. For

the range of pressures studied here (5-100 GPa) the most stable structure has chalcogenides

in an I4/mcm arrangement, with the hydrogen positions breaking symmetry all the way to

P1 at low pressure, with bond symmetrization increasing the symmetry to Cccm around

30 GPa. Static lattice stability of Cccm over C2/c occurs above 80 GPa (see Fig S16).

We have calculated the formation enthalpies for various ordered supercells as implemented

in the ATAT code19 performed on Cccm at 65 GPa, Fig. 4(b) using the VASP code. As

at 5 GPa the most stable arrangements of the different ratios S/Se are within a few meV,

being this energy range half than that of I4/mcm at 5 GPa. In contrast with the convex

hull at 5 GPa, there is one structure that is now stable versus decomposition into the pure

compounds, however the energy differences for the unstable structures are very small.

Experimentally the disordered S/Se configuration in all the predicted phases combined

with the low scattering efficiency of hydrogen, means that the P1, I4/mcm, I422, and Cccm

structures cannot be distinguished on the basis of x-ray diffraction alone.5–8,17 Transitions

between high-pressure phases in (H2S)2H2 at room temperature are primarily driven by

hydrogen-bonding, and are characterized by the orientation of H2S molecules and the nature

of the H2 sites within the lattice, producing unique Raman spectra.6,17,24,25

Symmetry dictates that I4/mcm has only a single Raman-active vibron, but the calcu-

lated Raman spectra for Cccm structure, produce two ν-H2 modes separated by 200 cm−1

(using 100% S or Se), which is in qualitative agreement with our experiments (see Fig.S16

for the calculated vibrons for the P1 structure of Duan et al.5). The experimentally ob-

served downshift and splitting of the H-S and H-Se modes together with broadening of the

H2 vibron indicates a weakening of the intramolecular bonds and a reduction in symmetry

of the structure in compression. As previously indicated I422 would present the same S/Se

arrangements but has a lower symmetry than the initial I4/mcm, thus we consider this

tentative symmetry as an intermediate between the I4/mcm (phase I) and the Cccm (phase

-III). Fig. s16 shows the Raman shift vs pressure of the H-Se and H-S stretching modes ob-
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Figure 4: Formation enthalpies for SexS1−xH3 from a CE performed with VASP at: a) 5 GPa;
b) 60 GPa. At 5 GPa the end points are the binary phases SH3 and SeH3 in a structure
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to enthalpies of structures calculated from first principles. The triangles denote the fitted
enthalpies from the CE and the crosses denote enthalpies of predicted structures

.

tained experimentally for the (H2SxSe1−x)H2 and the density functional perturbation theory

based calculations for the (H2S)2H2 and (H2Se)2H2) taking the I4/mcm, I422 and the Cccm.

The experimental symmetry and stoichiometry of the alloy structure is determined by the

composition of the sample in the DAC, which determines the chemical potentials of S and

Se. Therefore pure compounds are used in the theoretical calculations to represent the range

of possible frequencies for a given space group across all possible alloy compositions. The

calculated Raman for the low symmetry I422 shows significant splitting of the H-S and H-Se

modes which agrees with the experimentally observations in phase II. Although for disor-

dered S/Se mixtures there are numerous components in each peak arising from the different

local environments, we do observe a good agreement between the experimental results and
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the calculated Raman for the three phases considering pure species. Raman spectroscopy is

a very powerful tool to reveal the strength of inter- and intra- molecular interactions, dop-

ing the (H2S)2H2 structure with Se the intramolecular interactions and the intermolecular

ones, as projected in the vibrons. This is of fundamental importance to understand the

mechanisms and interactions driving previously reported high temperature superconductors.

Together with the spectral changes we observe that the sample visually transforms, Fig.

1b and Fig. S17. Above 40 GPa, the sample becomes visibly red, and by 57 GPa (when

all molecular vibrational modes disappear) reflects visible light (see fig.1 and S17). Band

structure calculations reveal that the static Cccm structure metallizes with pressure when the

H-bond becomes symmetric at around 80 GPa, the precise value depending on composition,

with higher values for S content (Fig. S18). Previously, in pure (H2S)2H2 a transition of the

Cccm structure towards metallic R3m was predicted at 111 GPa.5 The R3m structure is

a small distortion from the superconducting Im3m structure, and not compatible with the

experimental XRD obtained up to pressures of 85 GPa, so the metallic character observed

in the (H2SxSe1−x)2H2 compound is assigned to Cccm. Experimentally, the phase I-II-III

transitions are reversible as demonstrated by the recovering of the H-S, H-Se and H2 vibrons

in decompression. As shown in Fig. S1 and S17, on decompression the sample changes color

at the same pressures as on compression, phase III is red, phase II and I are transparent.

This reversibility and the coincidence of the phase transition pressures in compression and

in decompression indicate that the metallic transition can not be ascribed to decomposition

of the sample into pure S and Se.

We carried out molecular dynamics calculations to better understand the structural

changes behind these experimental observations (Fig. S19-S23). At low pressures (5 GPa)

H2S H2Se and H2 molecules can freely rotate, this explains the I4/mcm symmetry, ane the

single averaged environment that all H2 molecules perceive gives the single and sharp vibron.

With increasing pressure the rotations are hindered, explaining the broadening of the H2 vi-

bron in phase II. With further compression, well-defined orientations are seen (Fig. S19),
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where the symmetry breaking leads to the Cccm symmetry. The two vibrons of the Cccm

appear and because the fixed H2(S,Se) molecular orientations lead to two distince channels,

which are well differentiated by the strength of intermolecular interactions within each type.

We have analysed the shortest Se-H distances from the pure (H2Se)2H2 compounds and

S-H distances from the pure (H2S)2H2 compounds as a function of pressure, see Fig. S24.

H-S and H-Se distances at 5 GPa are 1.37 Å for H-S and 1.5 Åfor H-Se. The similarity in

these distances compared to those of the pure species explains the experimentally observed

coincidence in the stretching modes for the alloy and pure species. With increasing pressure

the two shortest "non-molecular" Se(S)-H distances approach those of the original Se(S)H2

molecule, hence the H2Se (H2S) molecule is precluded by symmetry, and the structure is

dynamically unstable at high pressure (Fig. S24). Moreover, to prove the analogy between

the behaviour of the pure systems and the alloy structures we have analyzed the evolution

of the H-Se(S) and H-H distances for a tentative alloy structure (Fig. S25-S27). It has 64

atoms in the unit cell and emerges as the most stable structure at x=0.5 when doing the

CE at 5 GPa. Since no symmetry has been included in the simulation, the 8 non-equivalent

Se(S) atoms have slightly different distances to hydrogen atoms. But, the similitude to the

pure species is clear. At low pressures (below 20 GPa), the molecular nature of Se(S)H2

is evidenced by two almost identical intramolecular distances, d1 and d2 (see Fig. S25 and

S26) with values similar to those of the pure species, therefore explaining the experimentally

coincidence of the H-Se and H-S stretching modes of the alloy and pure species, Fig. 1 and

2. When increasing pressure, the two second longest Se(S)-H distances, d3 and d4 decrease,

whereas the intramolecular distances increase. As a result, at 60 GPa, the shortest Se-H

distance is 1.52Åwith very similar d2, d3 and d4 (1.71Å, 1.77Å, 1.77Å) being d1,d2,d3 and

d4, 1.42,1.47,1.47 and 1.67Å, respectively, for S-H distances. 8 different intramolecular H2

distances can be also identified although they only differ by 0.002 Å(see Fig. S27). When in-

creasing pressure, the dispersion of the H-H distances increase. Whereas half of the distances

are longer with pressure, the other half are shorter. This is in agreement with the forma-
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tion of two differentiated hydrogen channels and the two experimentally detected vibrons.

At finite temperature, from MD we see that molecular rotations increase the symmetry to

I4/mcm at low pressure, then reduce it as first the H2S/H2Se and then the hydrogens stop

rotating. The precise conditions for this depend on pressure, temperature and composition.

Table 1: Molecular motions in the structure revealed by Raman and molecular
dynamics. There are two hydrogen channels, a larger one where the surrounding
squares of Se,S are H-bonded, which accommodates the xy-rotor and a narrower
one where there are no intermediate hydrogens, and the H2 molecules point along
the channel. The static symmetry labels are obtained by having 3D rotating
molecules point along z, thus preserving the symmetry.

Label DFT H2(S,Se) H2 (1) H2 (2) symmetry
I 5GPa rotating rotating rotating I4/mcm
II 20GPa H-bond network rotating rotating distorted I4/mcm (I422, P1)
III 60GPa H-symmetrised xy-rotor z-libron Cccm-type
IV 110GPa dissociated dissociated dissociated Im3m-derived

The sequence of observed alloy phases can be deduced by a combination of Raman, X-ray

and DFT, as summarized in Table 1. All three methods indicate that there is a continuous

solid solution of (H2SxSe1−x)2H2. Below 85 GPa XRD provides no evidence of a change

in the I4/mcm symmetry; however, Raman shows a change in the number of vibrons with

pressure, indicating a symmetry breaking giving rise to different H2 environments. DFT

demonstrates that these environments are created by the presence or absence of molecular

rotations. At low pressures (5 GPa) and room temperature, H2, H2Se and H2S molecules

are rotating freely and the high symmetry I4/mcm structure with one H2 vibron is gener-

ated. When increasing pressure (around 20 GPa), the rotation of the H2(S,Se) molecules is

hindered due to an increase of the strength of the hydrogen bonding. It is associated with

an decrease of the symmetry and therefore the splitting of the HSe and HS vibrons. Two

different H2 vibrons can be also identified. These two H2 vibrons are even clearer at higher

pressure (60 GPa). They can be associated to a xy-rotor and an z-libron on the two different

hydrogen channels. Finally, the strengthening of the hydrogen bonding leads to a covalent
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structure where H2 molecules disappear and hydrogens are located in the middle of S/(S,Se)

neighbours. We demonstrate that the addition of chalchogenides into the (H2S)2H2 structure

easily forms an alloy with chalchogenide keeping the structure of the Sulfur one. However,

it does importantly alter the electronic properties from those of the pure system.
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