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Abstract 

The chemical reaction products of molecular hydrogen (H2) with selenium (Se) are 

studied by synchrotron x-ray diffraction (XRD) and Raman spectroscopy at high 

pressures. We find that a common H2Se is synthesized at 0.3 GPa using laser heating. 

Upon compression at 300 K, a crystal of the theoretically predicted Cccm H3Se has 

been grown at 4.6 GPa. At room temperature, H3Se shows a reversible phase decom-

position after laser irradiation above 8.6 GPa, but remains stable up to 21 GPa. How-

ever, at 170 K Cccm H3Se persists up to 39.5 GPa based on XRD measurements, 

while low-temperature Raman spectra weaken and broaden above 23.1 GPa. At these 

conditions, the sample is visually nontransparent and shiny suggesting that metalliza-

tion occurred.  
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Introduction 

  Hydrogen dominated compounds (superhydrides) are promising materials for the 

realization of high temperature superconductivity as they can combine the unique 

prerequisites for superconductivity such as high-frequency phonons, strong elec-

tron-phonon coupling, and a high density of the electronic states 1. Numerous theoret-

ical calculations support this idea and predict the superconducting transition tempera-

tures in the range of 50-235 Kelvins for a variety of hydrides 2-9. Recently, following a 

theoretical prediction 2 (see also Ref. 3), a new record high TC up to 203 K has been 

reported in the H-S system at 150 GPa 10. This result confirms that high temperature 

superconductivity in hydride can be reached and also that theoretical calculations can 

be quite accurate in predicting novel hydrides and in estimating their TC. The me-

chanism of superconductivity of the H-S system and its structural and compositional 

changes at high pressures were then explored extensively 11-21. These studies have also 

stimulated significant interest in searching for new high-TC superconductors in other 

dense hydride materials. 

  Selenium (Se) is adjacent and isoelectronic to sulfur in the Periodic Table. Since it 

has a larger atomic core and is weaker than S in electronegativity, it is possible that Se 

may exhibit a different chemistry. Nevertheless, it would be plausible to expect that 

selenium hydrides could also demonstrate high-TC superconductivity. Therefore, its 

examination is of interest for comparison of the behavior of these two materials, 

which may be revealing for uncovering the mechanism of superconductivity. Two in-
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dependent theoretical studies have been then performed on this subject with the result 

that selenium hydrides exhibit high TC in the range of 40-131 K at megabar pressures 

22, 23.  

 

Similarly to the H-S system, the highest TC is predicted for the cubic Im-3m struc-

ture of H3Se and it is expected to be about 40% lower than that in H3S. This predic-

tion is still awaiting experimental confirmation. However, to understand the super-

conducting properties of selenium superhydrides (if any) it is of fundamental 

importance to investigate the synthesis conditions and determine their structural and 

electronic properties. Synthesis of H2Se at ambient pressure and an elevated tempera-

ture has been reported previously 24.   

  High pressure as a general route to material synthesis 25 has been used in the past to 

obtain hydrides under thermodynamic equilibrium conditions 26-29. This occurs due to 

modifications of the chemical bonds under pressure which can affect the compositions 

and properties of the stable compounds. One promising route to increase the hydrogen 

composition is via the mixing of molecular H2S and H2 that form a new molecular 

compound (H2S)2H2 (that is H3S, the stoichiometric ratio of H and S atoms is 3:1) at 

low pressures near 3.5 GPa 30. In the case of the H-S system, it has been shown that a 

Cccm H3S 3 with similar structural and vibrational properties can be also synthesized 

at high temperatures (above 50 GPa or so) from molecular H2 and H2S as well as ele-

mental H2 and S, or by unloading (at 300 K) Im-3m H3S synthesized directly at high 

pressures 17 (see also Ref. 31). Recently, the synthesis of a host-guest (H2Se)2H2 com-



4 
 

pound, with stoichiometric ratio of H and Se atoms of 3:1, was reported at 4.2 GPa 

and room temperature 32. According to this work, this compound decomposes into the 

constituent elements at 24 GPa and room temperature, so is H2Se. Here, we report the 

synthesis of Cccm H3Se at pressures as low as 4.6 GPa and show its structural stabili-

ty (probed with XRD) up to 40 GPa if compressed at low temperatures while the Ra-

man spectroscopy and visual observations suggest metallization above 23 GPa. This 

behavior is similar to the vibrational and electronic properties of Cccm H3S albeit at 

higher pressures.    

 

Experimental Methods 

  We performed the experiments in symmetric diamond anvil cells (DACs) equipped 

with anvils with central culets of 300 μm in diameter. Small pieces of Se were posi-

tioned in a hole in a rhenium gasket and filled with H2 gas at ~200 MPa. The material 

of interest- H3Se – has been synthesized in two steps. In the first step, we reacted H2 

and Se to form H2Se. We gently laser heated Se using several tens of milliwatts of a 

532 nm solid state laser (up to 400 mW in some experiments) sharply focused to a 

spot of 2-3 μm in diameter to melt it (monitored visually) at pressures lower than 0.5 

GPa. At such low pressures we have made a mixture of H2Se and H2 fluids judging 

from the Raman spectra measured. To synthesize a H3Se solid, we slowly compressed 

the fluids to about 5 GPa forming a single crystal (Fig. 1) 33. Our room temperature 

experiments to 21.6 GPa yielded the results similar to those of Ref. 32, which report 

chemical decomposition at higher pressures. To avoid chemical reaction at room 
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temperature, we thus cooled the sample down to 100-200 K and performed a further 

compression at low temperature. Low-temperature Raman measurements were per-

formed in a continuous flow cryostat using liquid nitrogen with the DAC positioned 

in vacuum. Temperature was measured with Pt and Si resistance sensors attached to 

the DAC close to the sample. Pressure was controlled at low temperatures through the 

mechanical feedthroughs connected to four loading DAC screws. Two 

low-temperature Raman experiments have been performed at 200 K (experiment A) 

and 100 K (experiment B). The temperatures in the two low-temperature synchrotron 

XRD pressure runs were about 170 K created using a cryostream N2 refrigerator 16, 17. 

Once the target pressure is reached, the sample was warmed up to room temperature 

and then decompressed. 

 

Fig. 1. Microphotographs of the DAC cavities at elevated pressures demonstrating the 

formation of H-Se compounds. (a) Solid H2Se is grown (circled). (b) Cccm H3Se is 

grown pictured as a bar in the middle of the cavity. (c) Supposedly a metallic H3Se is 

formed; the crystal bridged the cavity sides and deformed. It reflects light in the areas 

where the surface is perpendicular to the optical axis and is dark (nontransparent for 

the transmitted light) where it is tilted.     
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Pressure was determined using the ruby fluorescence 34 and gold XRD 35 pressure 

markers with the appropriate temperature corrections. For the Raman experiments, a 

backscattering geometry was adopted for confocal measurements with incident laser 

wavelengths of 532 nm 36. The Raman notch filters (three per each excitation wave-

lengths; additionally 488 and 660 nm laser lines were available) were of a very nar-

row bandpass (Optigrate) allowing Raman measurements down to 10 cm-1 in the 

Stokes and AntiStokes. One of these notch filters is used as a beamsplitter to inject the 

laser into the optical path. The XRD experiments were collected at the synchrotron 

beam line sector 13 (GSECARS) of the Advanced Photon Source (APS) of the Ar-

gonne National Laboratory with the wavelengths of 0.3344 Å. The initial data reduc-

tion was performed using Dioptas software 37. The lattice parameters were determined 

by a manual fitting of the observed XRD pattern to a simulated diffraction patterns 

using PowderCell software 38. These results were further refined using UnitCell soft-

ware 39 (where possible).       
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Fig. 2. Raman spectra of H-Se compounds at different pressures and temperatures in 

the experiment A. Please note the vibron modes (a triplet) of bulk unreacted H2 at 0.3 

GPa. At higher pressures they become a single band shifting to higher frequencies 

outside the presented frequency range. 

  

Results and discussions 

  Raman spectra after laser heating at 0.3 GPa show a new sharp peak that appears at 

about 2350 cm-1 (Fig. 2). This peak can be assigned to the H-Se stretching mode 33, 

indicating synthesis of a fluid H2Se. At 2.2 GPa, H2Se crystalizes into a separate 

translucence solid, attaching on the rim of gasket and Se (red circles in the Fig. 1a). At 

these conditions, a Raman peak of the H-Se stretching mode becomes broad and in-

creases in intensity. A bulk liquid H2 (solid above 5.5 GPa) phase remains coexistent 
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in the high-pressure chamber conditions. 

 

Fig. 3. The pressure dependence of the Raman frequencies of H-Se compounds as a 

function of pressure at 300 K and in the low-temperature experiments A and B em-

phasizing the difference in vibrational properties of the H3Se compound compared 

with H2Se, H2, and (H2Se)2H2 at room temperature 32. The black, blue and red sym-

bols correspond to the Raman bands observed in the H2S and H3S compounds at 300, 

200, and 100 K, respectively. The gray symbols are the spectral positions of the bulk 

unreacted H2 vibron; a solid line through these data is the literature data for H2 40.     

 

 At 4.6 GPa, remarkably, a new crystal of a columnar habit grows up (Fig. 1b), 

similar to the observation of (H2S)2H2 30. Please note that this crystal is grown in the 

vicinity of the solid H2Se but in a slightly different location. In contrast to H2Se, the 
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Raman spectrum of H3Se reveals a H2 vibrational mode distinct in frequency of that 

of bulk H2 (Figs. 2, 3), signifying that this compound exhibits a mixed molecular 

H2Se-H2 structure, where the H2 molecules are slightly elongated.  

 

Fig. 4. XRD pattern of H-Se compound at 7.0 GPa and 300 K. The x-ray wavelength 

is 0.3344 Å. Red vertical ticks with the peak indexing are presented for the Cccm 

H3Se 22 and Se-I 41. The gasket is made of Re.  

 

At 7 GPa, XRD diffraction peaks match well the theoretically predicted Cccm 

structure of H3Se 22 (Fig. 4). Please note that the XRD image clearly shows that there 

are two sets of diffraction rings: spotty (larger crystallites) and quasi-continuous ones. 

The latter ones originate from unreacted Se remaining in the cavity. In contrast, the 

rings of H3Se are all spotty, indicating that the newly crystallized H3Se consists of ra-
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ther large grains. In the second XRD experiment at low temperatures to 39.5 GPa, 

where we examined a very small sample of about 3 μm in width, we demonstrated 

that this single crystal habit persists to quite high pressures and Cccm H3Se remains 

stable to the highest pressure reached (Fig. 5). 

 

Fig. 5. XRD of a single-crystal like H3Se at 39.5 GPa. The x-ray wavelength is 0.3344 

Å. The bottom panel is the integrated one-dimensional pattern. The blue ticks indicate 

the peak positions of the predicted Cccm H3Se (the values of a and b lattice parame-

ters are indistinguishable) and the black ticks – of hcp hydrogen (phase I). The inset 

shows a microphotograph of the sample before cooling; the red square has as side of 

approximately 20 μm. The top panel is a two-dimensional diffraction image in the 

radial coordinates (cake), the single crystal spots of the sample are marked by red 

H3Se 39.5 GPa, 170 K
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squares and those of bulk H2- by the blue rectangle. Please note that in this 

low-temperature experiment we could only rotate sample within ±2 degrees because 

of a cryostream nozzle attached to the DAC, limiting the number of observed reflec-

tions. 

         

  The unit cell volume (at 170 K) versus pressure results represent a smooth curve 

which we have been able to fit with a single Vinet equation of state (EOS) with the 

following parameters V0=56(4) A3; K0=9.3(2.6) GPa; K0’=4.7(5) (Fig. 6). The data for 

room-temperature experiments in Cccm H3S and H3Se are shown for comparison. 

Apart from a small temperature (in H3Se 32) and both temperature and compositional 

(in H3S 17) shifts, the EOSs are very similar. However, no direct comparison of the 

EOS parameters can 

be made, because 

the room tempera-

ture values are not 

reported.  
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Fig. 6. Equation of state of Cccm H3Se at 170 K of this work in comparison to that of 

experiment at room temperature 32 and theory 22 and also to the EOS of Cccm H3S at 

170 K 17. The error bars are within the symbol dimensions.    

 

  In contrast to the low-temperature stability, at room temperature H3Se crystals show 

signs of instability at elevated pressures and temperatures revealing the disappearance 

of the characteristic Raman peaks after exposing the compound to a laser beam (Fig. 

7). It is interesting that these peaks can be seen again after some time suggesting that 

the compound recrystallizes. In agreement with the results of a recent study 32, we 

find that Cccm H3Se chemically decomposes above 21 GPa confirmed through the 

observations of irreversible disappearance of the Raman bands above 21.6 GPa (Fig. 

8). These observations are broadly in agreement with the investigations of H2S which 

shows various x-ray and visible light induced instabilities, especially at room temper-

ature 16, 42-44.  
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Fig. 7. Decomposition and recovery of H3Se at 300 K revealed by disappearance and 

appearance back again of the Raman peaks of the compound (marked by the red ar-

rows). The asterisk (*) indicates the peak of Se. The Raman peaks of the surrounding 

bulk hydrogen remain unaffected.  

 

  When compressed at low temperatures, at 11.7 GPa the Raman spectra of H3Se 

show the H-Se stretching mode broadens due to splitting into several components (Fig. 

2). This is similar to the observations of Refs. 17, 30 in H3S. Concomitantly, several 

new Raman peaks appear below 200 cm-1. These changes suggest that a molecular 

ordering occurs in the Cccm H3Se-II modification (Fig. 3) that result in the emergence 

of the well-structured Raman spectra revealing the libron and translational modes at 

low frequencies and splitting of the fundamental intramolecular modes (likely via the 

crystal field). The behavior of the H-Se stretching and lattice modes is more complex 

in the lower temperature experiment B (Figs. 3, 9). There are 5 clear peaks in Se-H 
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stretching region at 13.8 GPa. Moreover, the bending modes can be found at about 

1000 cm-1 above 13.8 GPa at 100 K (marked as red arrows in Fig. 9). These peaks are 

close in frequency to higher order roton modes of bulk H2, so they are difficult to sin-

gle out at higher temperature and lower pressures.  

 

Fig. 8. Raman spectra of H-Se compounds at elevated pressures at room temperature. 

The excitation wavelength is 532 nm.  

Further compression results in a second major change in the vibrational spectra of 

Cccm H3Se III (Figs. 2, 3). Beginning at 19.3 GPa, the H2 vibron mode of Cccm H3Se 

shows a redshift. In addition, at 19.3 GPa, we observed a visual change in the sample 

appearance: a part of the transparent crystal in the center of chamber turns into black 

and opaque after laser irradiation. However, the Raman spectra are indistinguishable 

between these two different regions. At 21.4 GPa, the H-Se stretching modes turns 

into a single broad band; concomitantly the lattice and the H2 vibron mode also broa-

den. At 23.1 GPa, the whole crystal becomes nontransparent and shiny in some re-
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gions where, we assume, its surface is perpendicular to the optical axis so it can re-

flect the incoming light back (Fig. 1c). Remarkably, the Raman spectra of this state 

did not yield any measurable signal (likely due to an abrupt decrease in the laser pe-

netration depth) except one spot where a broadened H2 vibron and H-Se stretching 

band could be observed (Fig. 2).  

 

Fig. 9. Raman spectra of H-Se compounds at different pressures and temperature in 

the experiment B. The excitation wavelength is 532 nm. As in Fig. 2, please note the 

vibron modes of bulk H2 at 0.6 GPa. At higher pressures they become a single band 

shifting to higher frequencies outside the presented frequency range. The red arrows 

mark the positions of the Se-H bending mode. 

 

The transition is shifted to higher pressure at 100 K (compared to that at 200 K) 

where the crystal is still transparent at 24.1 GPa and abrupt changes in the Raman 

spectra have been observed at higher pressures. In experiment B at 100 K, we have 
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been able to observe weak and broad Raman spectra up to 29 GPa. The transition into 

this supposedly metallic phase does not depend on whether we expose the sample to 

the laser radiation, since the observed weak spectra at 29.1 GPa in experiment B sug-

gest that the transformation (observed visually) occurred without any laser irradiation. 

It is interesting that we have been able to observe the signs of this transition even at 

300 K at 18.6 GPa through an abrupt red shift, appearance of asymmetry and broa-

dening of the H2 vibron mode (Figs. 8, 9). The Raman band asymmetry can be tenta-

tively assigned to a coupling of the phonon mode with a continuum due to charge car-

riers, which is common for doped semiconductors and bad metals (e.g. Ref. 45). 

While the Raman and visual observations at 100 and 200 K suggest possible struc-

tural and electronic changes above 21 GPa, synchrotron XRD patterns obtained at 170 

K over this pressure range showed no clear indication of a structural change (Figs. 5, 

6). All the sample patterns measured at these pressures could be indexed to the Cccm 

structure, and no obvious discontinuity was observed in the EOS. Cccm H3Se has 

slightly larger lattice parameters and the unit cell volume than H3S 17, 30, which seems 

plausible due to the larger dimension of Se ion compared to S. The unit cell volume 

which we measured also agree well with the theoretical predictions for Cccm H3Se at 

40 GPa 22 and the results of the recent experiments at 300 K to lower pressures 32. 

Thus, our Raman, visual, and XRD observations suggest that the most plausible ex-

planation of the transformation above 23 GPa at low temperatures is metallization via 

bandgap closure. Please note that the theoretical calculations of Ref. 3 suggest a se-

miconducting behavior of Cccm H3S in the whole pressure stability range, while no 



17 
 

calculations are reported on the bandgap of Cccm H3Se. The existence of three dis-

tinct regimes in high-pressure behavior, which include orientationally disordered, 

orientationally ordered, and metallic, has been also reported in Cccm H3S based on 

the Raman experiments 17. The discrepancy between the experiment and theory con-

cerning the electronic structure of H3Se and H3S is puzzling and requires further in-

vestigation.     

The reported here peculiar behavior of the low-temperature Raman spectra con-

trasts a recent report on the synthesis of (H2Se)2H2 32, which, consistently with our 

study, points out its chemical instability above 24 GPa albeit at 300 K. We comment 

that the Se-H system behaves similarly to the S-H one in that it shows chemical insta-

bility to decomposition at room temperature 16, 42-44, while at low temperatures there is 

no decomposition creating the path to the superconducting state 10 via a crossover in 

chemical composition.  

 

Summary 

  Our experiments show rich physical and chemical transformations detected with 

XRD and Raman spectroscopy. The demonstration of the synthesis of Cccm H3Se at 

4.6 GPa and its stability to 40 GPa at 170 K paves the way to study the properties of 

this material at higher pressures, where the superconductivity is predicted. The 

changes in properties of this material with pressure including a possible metallization 

at 23 GPa are very much in line with the behavior of Cccm H3S. Our results suggest 

that the H-Se system may be promising for reaching high-TC superconductors at lower 
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pressures than in the H-S system. 
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