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            Abstract
High-pressure transitions are thought to modify hydrogen molecules to a molecular metallic solid and finally to an atomic metal1, which is predicted to have exotic physical properties and the topology of a two-component (electron and proton) superconducting superfluid condensate2,3. Therefore, understanding such transitions remains an important objective in condensed matter physics4,5. However, measurements of the crystal structure of solid hydrogen, which provides crucial information about the metallization of hydrogen under compression, are lacking for most high-pressure phases, owing to the considerable technical challenges involved in X-ray and neutron diffraction measurements under extreme conditions. Here we present a single-crystal X-ray diffraction study of solid hydrogen at pressures of up to 254 gigapascals that reveals the crystallographic nature of the transitions from phase I to phases III and IV. Under compression, hydrogen molecules remain in the hexagonal close-packed (hcp) crystal lattice structure, accompanied by a monotonic increase in anisotropy. In addition, the pressure-dependent decrease of the unit cell volume exhibits a slope change when entering phase IV, suggesting a second-order isostructural phase transition. Our results indicate that the precursor to the exotic two-component atomic hydrogen may consist of electronic transitions caused by a highly distorted hcp Brillouin zone and molecular-symmetry breaking.
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                    Fig. 1: Phase III sample and data.[image: ]


Fig. 2: Phase IV sample and data.[image: ]


Fig. 3: Unit cell parameters of H2 under high pressures at room temperature.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Raw XRD images obtained using a pure Re gasket and a composite gasket at the same beamline.
a, XRD image obtained at 45Â GPa with the Re gasket. The inset shows a microscope image of the sample after gas loading, with the chamber diameter being 17Â Âµm. At 45Â GPa, the chamber shrinks to a diameter of approximately 10Â Âµm. b, Raw XRD image of the sample obtained at 162Â GPa using a composite gasket insert (cBN and epoxy); the chamber diameter is 7Â Âµm. The setup of the beamline focusing device (Kirkpatrickâ€“Baez mirrors) was similar in both measurements, with clean-up pinholes of 20Â Âµm (a) and 60Â Âµm (b) in diameter. It must be emphasized that even though the X-ray beam used in b has a larger tail (owing to the larger clean-up pinhole), bÂ has a substantially lower background than a. The MgO and epoxy insert produces a similar level of background to the cBN and epoxy insert. Red masks in a and b cover the gaps between the sensor chips on the Pilatus 1M detector.


Extended Data Fig. 2 Definition of Ï‡ angle in the XRD image.
Ï‡ is the azimuthal angle of the XRD spot within the detector plane. The blue arrow points to a diffraction spot inside the red circle.

Source Data



Extended Data Fig. 3 Features of Raman vibrons of hydrogen under high pressures.
a, Pressure-dependent frequency shift of vibrational modes of H2 at room temperature. b, Pressure-dependent shift of the widths (FWHM) of H2 vibrational modes at room temperature. v1 and v2 represent the two fundamental vibrational modes of H2, as shown in Extended Data Fig. 4. Circles and triangles represent the v1 and v2 modes, respectively; different colours represent different runs. Dashed lines are visual guides. In phase III, the frequency of v1 softens substantially with pressure compared to that in phase I, and the Raman peak broadens considerably simultaneously. In phase IV, the behaviour of v1 is similar to that in phase III, and a new fundamental vibrational mode, v2, appears at higher frequency. Phase IV also exhibits new low-frequency modes, as shown in Extended Data Fig. 4.


Extended Data Fig. 4 Complete Raman spectrum of the H2 sample at 232 GPa and room temperature.
This is the complete version of the spectrum shown in the inset of Fig. 2a.Â The spectrum clearly shows the characteristic Raman features of phase IV (marked by blue triangles), the low-frequency mode at 303Â cmâˆ’1 and the second vibron at 4,149Â cmâˆ’1. The inset shows the diamond Raman edge with a pressure of 234Â GPa, which shows a difference of 2Â GPa compared to our d100â€“P scale.


Extended Data Fig. 5 XRD measurements for the d100â€“P scale and immiscibility of H2 and He determined by Raman measurements.
a, Evolution of d spacing of the (100) reflection of H2, measured in the H2â€“He samples with Au as the pressure marker. The (111) reflection of the Au standard was used to calculate the pressure31. The inset shows the sample configuration. b, Raman spectra of the H2â€“He samples at selected pressures. Different colours mark different runs. c, Comparison of the pressure-dependent shift of vibron frequency between the H2â€“He samples (solid symbols) and the pure H2 samples (open symbols). Samples with names starting with HP and HX, as well as H27, are pure H2 samples. All other samples are H2â€“He samples.

Source Data



Extended Data Fig. 6 2D diffraction contrast imaging of MgO and H2 (submicron crystallites).
a, 2D diffraction contrast imaging based on the intensity of the MgO (200) Bragg peak. Darker colour indicates higher intensity of the MgO (200) peak. The white area represents the hydrogen sample. b, Microscope image of the same sample area, illuminated by both transmitted and reflected light. câ€“h, 2D diffraction contrast images based on intensities of selected XRD spots of H2 samples at 97Â GPa (câ€“e), 163Â GPa (f, g) and 162Â GPa (h). Darker colour indicates higher peak intensity. The step size of the 2D scan is 500Â nm in both the horizontal and the vertical directions. The data analysis was performed using XDI software37.

Source Data



Extended Data Fig. 7 Raw XRD images obtained using MCCs with two different vertical opening angles.
a, b, Images obtained using MCCs with 4Î¸ angles of 10Â° (a) and 30Â° (b) with the Pilatus 1M area detector. The MCC with 10Â° vertical opening (located at GSECARS, APS, ANL) is mainly designed for the Large Volume Press and for DACs used to study amorphous or powder samples. With the 10Â° MCC in place, only about one third of the area detector can be exposed to X-rays (area enclosed in the red box in a). This limited vertical opening is not a problem when studying amorphous or powder samples, because the X-ray scattering or diffraction is uniformly distributed about the X-ray beam and can thus be captured by the area detector through the small window. However, for SXRD data collection, the XRD spots appear at specific azimuth angles on the area detector, and the limited vertical opening becomes an issue. As a result, data collection using this MCC was not trivial, and consisted of the following steps: (1) identify XRD spots without the MCC at low pressure; (2) rotate the sample about the Ï‡ axis to move the target XRD spot into the MCC opening; (3) increase the pressure and track the XRD spot with the MCC. It would be extremely time-consuming to directly search for a diffraction spot of hydrogen with the 10Â° MCC at pressures greater than 1Â Mb. However, measurements of the c/a ratio using the 10Â° MCC are subject to relatively large systematic errors between different samples, as can be seen in the MCC data of Fig. 3d (most of these data above 100Â GPa were measured with the 10Â° MCC). Because searching for the XRD spot using the 10Â° MCC is difficult, as explained above, and data collection with an MCC requires extended exposure time, usually one (100) peak and one (101) peak were measured to determine the c/a ratio. These peaks are from different crystals and have different crystal orientations under different stress conditions, resulting in the scattering of the c/a values of different samples. The MCC with vertical opening angle of 30Â° was speciallyÂ designed by HPCAT to overcome the above problems. When using the 30Â° MCC, almost the entire area detector can be exposed (red box in b). This considerably facilitates the collection of SXRD data of H2 at pressures of several megabars, and is also suitable for performing SXRD studies of other low-atomic-number materials in the DAC at very high pressures.


Extended Data Fig. 8 Effects of using the MCC and the submicron probe for XRD measurements of solid hydrogen at megabar pressures.
a, Integrated hydrogen (100) peak measured with and without the MCC at 143Â GPa. With the MCC, the background is reduced by a factor of 5. b, c, Corresponding raw images of the (100) peak. Integrations were performed using the same region of interest, which contains the target peak (shown in b and c), and the same setups in Dioptas36. The data collection times with and without the MCC were equivalent (the actual exposure in the measurement with the MCC was several times longer owing to the limited throughput of the MCC). The data were collected using a 2Â Ã—Â 1Â Âµm2 focused X-ray beam at beamline 16 IDB of APS. dâ€“f, XRD images corresponding to the real beam size of 300Â nm (d) and equivalent beam sizes of 1Â Âµm (e) and 2Â Âµm (f). The data were collected using a 300-nm nano-beam. The data in d were collected at a single sample position with 60Â s exposure. The image in e was acquired by merging nine images measured by a 3Â Ã—Â 3 2D scan with the same exposure time for each image (60Â s). The image in f was obtained by merging 49 images collected by a 7Â Ã—Â 7 2D scan with the same exposure time for each image (60Â s). The step size in the 2D scans was 500Â nm. Red dots represent the X-ray beam. It is obvious that a larger beam size, which includes more background, results in a deterioration in data quality.
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Extended Data Fig. 9 Calculated electronic band structures.
aâ€“e, Band structures calculated at 50 GPa (a), 100Â GPa (b), 156Â GPa (c), 193Â GPa (d) and 240Â GPa (e). Eg denotes the electronic bandgap energy.
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Extended Data Fig. 10
Enthalpy differences of various phases of hydrogen as a function of pressure according to DFT calculations.
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Extended Data Table 1 Details of the 40 reflections of the sample measured at 232Â GPa using the nano-beamFull size table
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