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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.

Seven high-pressure solid phases of molecular hydrogen have been 
reported as a result of prodigious experimental efforts during the past 
four decades—namely, phases I (ref. 6), II (ref. 7), II′ (deuterium)8,  
III (ref. 9), IV (refs 10,11), IV′ (ref. 12) and V (ref. 13)—all of which were 
based on optical changes such as peak broadening, peak splitting and 
intensity changes in Raman and infrared spectra. Phases III and IV 
show the greatest spectral changes and are the focus of experimental 
investigations and theoretical interpretations. At room temperature, 
phase I is stable from 5 GPa to 190 GPa, with freely rotating hydro-
gen molecules forming an hcp crystal structure, as determined by  
single-crystal X-ray diffraction (SXRD)14–16. Phase II is a low-temperature  
(<130 K) phase with minor shifts of Raman and infrared vibrons, 
revealing quantum orientational ordering of the hydrogen molecules 
on the hcp lattice17. Phase III appears above 150 GPa (at low temper-
ature) with major shifting, splitting and intensification in Raman and 
infrared vibrons and rotons (which characterize the intramolecular 
vibration and rotation of molecules, respectively, in vibrational spec-
troscopy), which has been interpreted as classical orientational ordering 
of the hydrogen molecules, with crystal structures remaining close to 
hcp17. Phase IV, discovered at room temperature above 220 GPa, exhib-
its two distinct vibrational modes with pressure-dependent broaden-
ing and a steep frequency drop of the first vibron10, in contrast to the  
single vibrational mode of phases I, II and III. Fundamental structural 

changes with novel alternating molecular and graphene-like layers have 
been theoretically proposed for phase IV (refs 18,19). At higher pres-
sures at room temperature, phases IV′ (270 GPa)12 and V (325 GPa)13 
were reported on the basis of relatively subtle modifications in Raman 
spectra compared to phase IV, and their structures were suggested to 
be slight modifications20 of the proposed structure of phase IV. Direct 
crystallographic information for the pivotal phase IV has been the focus 
of hydrogen research since its discovery10, but no successful result has 
yet been published.

The use of a diamond anvil cell (DAC) coupled with synchrotron 
X-ray diffraction (XRD) is the only feasible method to determine the 
crystal structure of hydrogen above 100 GPa. Applying XRD to hydro-
gen at pressures of up to 200 GPa poses several daunting challenges. 
The X-ray scattering power is proportional to the square of the atomic 
number. With an atomic number of 1, hydrogen has the lowest possible 
scattering power, which further diminishes at high pressures owing 
to its extremely high compressibility, shifting XRD peaks to smaller 
d spacings, and to its extremely strong Debye–Waller effect, which 
causes the decrease of X-ray scattering power with increasing scatter-
ing momentum (2π/d). Hydrogen XRD signals are easily overshad-
owed by the strong background scattering from surrounding materials, 
such as Compton scattering from the diamond anvils and diffraction 
from the heavy metal materials of the gasket (due to the tail of the 
focused X-ray beam), resulting in a poor signal-to-background ratio 
(SBR). The SBR problem was first tackled by growing single crystals 
of hydrogen; this approach concentrates the intensity from an XRD 
ring for polycrystalline hydrogen samples into an XRD spot without 
changing the background level, thus increasing the SBR and enabling 
the successful determination of the hcp structure of phase I (refs 14,16). 
Growing hydrogen single crystals within a helium (He) medium, which 
reduces fragmentation of hydrogen crystals under compression, has 
extended the application of SXRD to hydrogen up to 119 GPa (ref. 15),  
which was the previous record for studies at room temperature. At 
100 K, XRD of fragmented crystals of phase III up to 190 GPa has been 
reported21 with a relatively big sample using an anvil culet size larger 
than 100 µm. The breakage rate of such large culets increases greatly 
with further increase in pressure. Many experimental groups study-
ing ultrahigh-pressure hydrogen have been working to push hydrogen 
XRD to higher pressures, but the obstacles are formidable. Hundreds of 
experiments performed during the past decade have ended in broken 
diamonds, without publishable structural information.

We spent the past five years conducting more than a hundred 
experiments in search of a solution to this experimental challenge. 
We identified two key problems: premature failure (breakage) of dia-
monds caused by their exposure to X-rays in the presence of highly 
compressed hydrogen, and the low SBR of submicron fragments of 
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hydrogen crystals above megabar pressures. DACs have been used 
successfully in X-ray studies of materials up to the limit of beveled 
diamond anvils, at approximately 400 GPa. In hydrogen studies, this 
pressure limit near 400 GPa has been reached in Raman spectroscopic 
studies, but not in X-ray studies. After excessive failure of diamond 
anvils in XRD experiments above 180 GPa, we conducted a test by load-
ing H2 samples in DACs, compressing them to 180–270 GPa, leaving 
them at constant pressure for three days, and subjecting the samples 
to intermittent Raman studies with laser. The samples survived laser 
exposure, and the pressures remained unchanged. Then, the samples 
were subjected to XRD studies using high-brilliance synchrotron 
monochromatic X-rays with energy ranging from 20 to 35 keV, and all 
experiments failed owing to diamond breakage within 1–20 h of X-ray 
exposure, thus clearly demonstrating the detrimental effect of X-ray 
exposure on diamonds that are in contact with high-pressure hydrogen. 
Nevertheless, XRD at these pressures is possible if the experiments can 
be managed with minimal X-ray exposure and rapid data collection 
within several hours.

In this SXRD study we extend the pressure range of single-crystal H2 
in the He method15 up to 160 GPa (phase I), beyond which value the 
method becomes impractical owing to the requirement of a much big-
ger sample chamber (about 10 µm in diameter) to accommodate addi-
tional He and to the diffusive nature of He (see Methods). Compressing 
small pure solid hydrogen samples (about 5 µm in diameter) has been 
known to achieve pressures of several megabars10, but it produces frag-
mented submicron hydrogen crystals, which reduce the diffraction 
signal by more than three orders of magnitude in comparison to a single 
crystal. Three additional strategies were used to reduce the background 
signals from the gasket, diamond and X-ray radiation outside the sub-
micron sampling area, in order to overcome the low-SBR problem of 
submicron crystals. We fabricated a composite gasket with a metal 
girdle and a cubic boron nitride (cBN) or magnesium oxide (MgO) 
insert (originally developed for electrical conductivity measurements11) 

that consists of lighter elements and has lower X-ray scattering power 
than the commonly used heavy metal gaskets made of tungsten or rhe-
nium (Re); thus, the small H2 samples (about 5 µm in diameter) could 
be sealed and compressed to the maximum pressure, and XRD patterns 
without background from surrounding heavier metals could be col-
lected (Extended Data Fig. 1). This sample preparation approach was 
combined with either of the following diagnostic improvements. (1) A 
multi-channel collimator (MCC)22 was used to select a segment along 
the incident X-ray beam by accepting the diffraction signal from the 
hydrogen sample while rejecting the background signals before and 
after the sample, thus reducing the Compton scattering from the dia-
mond anvils by more than 80%. (2) To apply the SXRD method using 
fragmented H2 crystallites, we focused an X-ray nano-beam23 (full-
width at half-maximum, FWHM ≈ 300 nm) onto the submicron-sized 
crystallites, producing a valuable SXRD signal and eliminating excess 
beam outside the sample area. Our strategy of multiple improvements 
finally paid off; first, we extended the SXRD study of phase I to 190 GPa 
and fitted the pressure–volume (P–V) data with a third-order Vinet 
equation of state, obtaining K0 = 0.110(6) GPa and ′ = .K 7 36(7)0  using 
a fixed15 V0 = 84.495 Å3. Here K0 is the bulk modulus, ′K 0 is the deriv-
ative of K0 with respect to pressure, and V0 is the unit cell volume at the 
ambient pressure; uncertainties represent estimated standard devia-
tions. Then, we were able to measure SXRD spots of H2 phases III and 
IV up to 254 GPa. Our SXRD data indicate that both phases III and IV 
remain in the hcp configuration as phase I.

Three successful SXRD experiments of H2 phase III were conducted 
at 194 GPa, 210 GPa and 212 GPa at room temperature using the  
monochromatic X-ray nano-beam. Figure 1a shows the sample config-
uration and the phase III characteristic Raman spectrum of the 212 GPa 
experiment. SXRD data were obtained by rotating the DAC about the 
Ω axis (the vertical goniostat axis, which is perpendicular to the X-ray 
beam) from −19° to 19°, with a data collection step size of 0.2°. The use 
of the MgO gasket insert resulted in a relatively clean background in the 
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Fig. 1 | Phase III sample and data. a, Microscope image of the hydrogen 
sample at 212 GPa and room temperature (phase III conditions), 
illuminated by both transmitted and reflected light. The inset shows the 
measured Raman vibron. b, Merged raw XRD images showing the XRD 
spots. The colour code defined in the key—with red, green and blue 

representing the (100), (002) and (101) reflections, respectively—is used 
in b–d. c, Montage of the 26 XRD spots, showing the quality of the data. 
d, Quality of indexing, showing the d spacing of the (100), (002) and (101) 
reflections measured at different Ω angles. Dashed lines show the d values 
calculated using fitted unit cell parameters.
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XRD images from the 5-µm hydrogen area, as shown in Fig. 1b. Unlike 
the background from a heavy metal gasket, the low XRD background 
allowed us to distinguish 26 weak diffraction spots of H2 (Fig. 1c). The 
spots are sharp and have a good SBR owing to the use of the nano-
beam, which matches the grain size, as described in Methods. The 
26 SXRD spots can be categorized into three families—(100), (002) 
and (101)—of a hexagonal unit cell with d spacings of 1.4978(6) Å, 
1.356(1) Å and 1.311(1) Å, respectively (Fig. 1d). The corresponding 
hcp unit cell parameters are a = 1.7294(1) Å, c = 2.7119(3) Å and 
V = 7.0245(8) Å3. Owing to the rapid decrease of the Debye–Waller 
factor at small d-spacing, the higher order reflections above (101) are 
extremely weak, below the present SBR detection limit. The measured 
XRD spots are from different crystallites, as it is impractical to keep the 
nano-beam on the same submicron crystallite during the sample rota-
tion of ±19°. The observation of the hcp lattice at room temperature is 
consistent with the previous powder XRD study of phase III, measured 
at 100 K up to 190 GPa, which suggested that the H2 molecules remain 
in the hcp sites21.

The same strategy was applied for SXRD of H2 phase IV at four 
pressures and room temperature, 220 GPa, 232 GPa, 244 GPa and 254 
GPa. For the sample at 232 GPa, three sets of Ω-scans were conducted 
at three adjacent sample positions 1 µm apart (shown in Fig. 2a). A 
total of 40 sharp XRD spots were identified (Fig. 2b), with 20, 14 and 
6 XRD spots (Fig. 2c) observed at each sample position (Extended 
Data Table 1 and Extended Data Fig. 2 provide detailed information 
of individual XRD spots). These reflections can be categorized into 
three d-spacing values of 1.4795(9) Å, 1.322(1) Å and 1.2910(9) Å, and 
indexed as (100), (002) and (101), respectively, of a hexagonal lattice 
(Fig. 2d) with unit cell parameters of a = 1.7084(1) Å, c = 2.6431(2) Å 
and V = 6.681(1) Å3. In addition, three other H2 samples compressed 
at 251 GPa, 251 GPa and 244 GPa were measured using a 2 × 1 µm2 
focused X-ray beam and an MCC. Owing to the larger beam spot, 

diamond failure occurred within 3 h of exposure to the high-brilliance 
synchrotron X-ray beam. One or two reflections, corresponding to 
(100), (002) or (101), could be recorded in each experiment before dia-
mond failure, and the results are plotted in Fig. 2e. We determined the 
unit cell parameters of H2 phase IV at 254 GPa to be a = 1.6878(1) Å, 
c = 2.5866(9) Å and V = 6.381(2) Å3; this value of V suggests a 13-fold 
compression from the initial volume of V0 = 84.495 Å3 (a fitting value 
at ambient pressure from the literature15) and represents the high-
est densification observed experimentally in solids. Again, phase IV 
is demonstrated to be consistent with the hcp structure within the  
experimental uncertainty of Δd/d = ±0.1%.

The hexagonal unit cell parameters of H2 phases I, III and IV at room 
temperature are plotted as functions of pressure in Fig. 3. The lattice 
parameter a decreases smoothly under compression (Fig. 3a), but an 
obvious kink is observed in the pressure shift in c across the phase 
boundaries (Fig. 3b), showing the collapse of c in phase IV. The unit cell 
volumes of phases III and IV follow the extrapolation of phase I without 
first-order discontinuity, but phase IV seems to be more compressible 
than phase I (Fig. 3c), revealing a second-order phase transition. The 
bulk modulus at 235 GPa, K235 = −V235 × (dP/dV)235, of phase IV 
(461.5 GPa) is 14% smaller than that obtained using the equation of 
state of phase I (536.8 GPa). The c/a ratio of hydrogen phase I at 5.4 GPa 
(ref. 14) is 1.630, which is close to the ideal value of 1.633 for close-
packed spheres. In previous XRD studies, hydrogen phase I has been 
reported to become anisotropic with increasing pressure, exhibiting 
a reduced c/a ratio15,16,24. Our measurements show that the c/a ratio 
keeps decreasing and the anisotropy continues to grow under further 
compression into phases III and IV (Fig. 3d). The transition to phase 
IV clearly coincides with a kink in the rate of decrease of the c/a ratio, 
which accelerates in phase IV and reaches 1.5325(5) at 254 GPa.

Phase IV of hydrogen was originally discovered on the basis of 
changes in Raman spectra. We collected Raman spectra along with 
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Fig. 2 | Phase IV sample and data. a. Microscope image of the H2 sample 
at 232 GPa and room temperature (phase IV conditions) illuminated by 
both transmitted and reflected light. The upper inset shows a magnified 
image on the sample area corresponding to the red dashed box; the three 
blue dots mark the SXRD sampling positions. The lower inset shows 
the measured Raman vibrons (v1 and v2); the blue arrow marks the 
characteristic new peak of phase IV. b, Merged raw XRD images showing 
the XRD spots. Red, green and blue symbols denote the (100), (002) and 
(101) reflections, respectively, in b–d. c, Montage of 40 XRD spots showing 

the quality of the data. d, Quality of indexing, showing the d spacing of 
the (100), (002) and (101) reflections measured at different Ω angles. 
Dashed lines show the d values calculated using fitted unit cell parameters. 
e, Comparison of d spacings of reflections from samples measured using 
the 2 × 1 µm2 X-ray beam (HMO 18, 19 and 21) with those measured 
using the nano-probe. HMO 19 and 21 were measured with the MCC, 
and HMO 18 was measured without the MCC. ‘HMO’ and ‘HBN’ denote 
samples with MgO and cBN inserts, respectively, in the composite gaskets. 
The insets show diffraction spots from the three samples.
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XRD measurements, and the results confirm previous observations10,11 
of phase III and IV (Extended Data Fig. 3), with a precipitous drop 
in Raman vibron frequency and an increase in vibron FWHM at the  
I–III transition. The trend of spectral changes continues and acceler-
ates through the III–IV transition, with the emergence of an additional 
vibron peak ν2. However, the XRD measurements, which probe the 
mass centres of H2 molecules and suggest that the lattice is close to  
the hcp structure, are insensitive to intramolecular symmetry. By  
combining the data from both XRD and Raman measurements,  
phase IV seems to be isostructural with phases I and III but exhibits  
intramolecular-symmetry breaking. The characteristics of the two 
vibrational modes in the Raman and intensified infrared spectra could 
be caused by several effects, such as H2 motif distortion25, ortho-para 
state26, change transfer and electron–phonon coupling. The determi-
nation of the exact structure of phase IV requires further theoretical 
investigations, taking into account the constraints provided by our XRD 
measurements.

Such high-pressure isostructural transitions with a c/a anomaly and 
changes of the optical and vibrational properties of the crystal are not 
rare in hcp elements, such as Fe (ref. 27), Co (ref. 28), Os (ref. 29) and 
Hf (ref. 30), and invariably indicate electronic topological transitions 
(ETTs). Although these elements are atomic metals and high-pressure 
solid hydrogen is a molecular insulator on its way to becoming an 
atomic metal, the theory of ETTs would be a reasonable starting con-
cept to consider. Because the XRD results suggest isostructural phase 
transitions, we performed theoretical calculations of the electronic 
band structure using the hcp model (P63/mmc and structure of phase I) 

as an approximation. Our preliminary theoretical calculations indicate 
that ETTs may account for phase transitions in hydrogen (see Methods 
section ‘Electronic band structure calculations’ for more details). A 
full treatment of the electronic nature of the isostructural transition, 
however, will be the goal of future comprehensive theoretical studies.

In summary, by overcoming a series of obstacles, the pressure range 
of SXRD studies on H2 at room temperature was doubled to 254 GPa, 
covering phases I, III and IV. Our SXRD data demonstrate that these 
high-pressure transitions in H2 are not caused by major crystallo-
graphic changes of the hcp structure, and remain isostructural except 
for a severe distortion in the c/a ratio (an increase in anisotropy). Our 
Raman measurements confirm the previous observation of substan-
tial peak broadening and frequency plummeting during the transi-
tions. We identify the transition to phase IV phenomenologically as a  
molecular-symmetry-breaking isostructural transition of hydrogen, 
possibly accompanied by changes in its electronic structure. With the 
next generation of synchrotron nano-probes on the horizon, our work 
opens up opportunities for exploring the phase diagram of hydro-
gen using direct SXRD studies in even higher pressure–temperature 
ranges.

Online content
Any methods, additional references, Nature Research reporting summaries, 
source data, extended data, supplementary information, acknowledgements, peer 
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Fig. 3 | Unit cell parameters of H2 under high pressures at room 
temperature. a, b, Pressure dependence of the unit cell parameters a (a) 
and c (b). c, Pressure dependence of the unit cell volume of H2. Open blue 
squares are data from ref. 15. d, Evolution of c/a ratio with compression. 
In all panels, solid circles and triangles represent data collected using the 
MCC and the nano-beam, respectively, with different colours marking 

different runs (22 runs in total). Red squares represent data collected 
from H2 crystals grown in He media. Black and blue lines are fits of phase 
I and IV data, respectively. Error bars represent one standard deviation; 
many error bars are smaller than the symbol size. The calibrated pressure-
dependent shift of the d100 value of H2 was used as the pressure scale.
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Methods
Symmetric DACs were used to generate ultrahigh pressures. Diamond anvils with 
culet size ranging from 150 µm to 20 µm (anvils with culet sizes of 30–20 µm were 
used to achieve target pressures of phases III and IV) were used with more than 
100 samples during the study. No surface coating was applied to the tips of the 
diamond anvils. Two sample preparation strategies were used. The first type of 
sample, referred to as an H2–He sample, had H2 single-crystal grown in the He 
pressure medium, in a similar manner to the method reported in ref. 15. Premixed 
normal H2 and He gas of 99.9% purity with 1:4 volume ratio was purchased from 
Airgas. The H2–He samples had sample chambers (laser-drilled in pre-indented 
rhenium or tungsten gaskets) that were relatively large in diameter (15 to 20 µm at 
megabar pressures) to allow the growth of H2 single crystals of reasonable size (5 
to 10 µm in diameter) for the XRD measurements. Such a H2–He sample chamber 
has enough room for loading a thin gold flake to use as the pressure marker31. 
The inset of Extended Data Fig. 5a shows the typical configuration of an H2–He 
sample. We did not observe any obvious difference between the Raman spectra of 
H2–He samples and pure H2 samples at megabar pressures, as shown in Extended 
Data Fig. 5b, c. The immiscibility of solid H2 and solid He up to 110 GPa15 and 
250 GPa32 has been reported. Thus, the pressure-dependent shift of the (100) d 
spacing (d100–P) measured from the H2–He samples was used as the pressure scale 
(Extended Data Fig. 5a) for the samples with no Au pressure marker. Because the 
H2–He samples typically have strong preferred orientations, the (100) class is meas-
ured almost exclusively. As a result, the measurements of H2–He samples mainly 
serve to provide the d100–P pressure scale. The XRD measurements of the H2–
He samples were performed at beamline 16 IDB of the Advanced Photon Source 
(APS) at Argonne National Laboratory (ANL), with a 6 × 7 µm2 focused mon-
ochromatic beam at 30 keV; at beamline 13 IDD of APS, ANL, with a 3 × 2 µm2 
focused monochromatic beam at 37 keV; and at beamline BL15U1 of Shanghai 
Synchrotron Radiation Facility (SSRF), with a 2 × 2 µm2 focused monochromatic 
beam at 20 keV. These data were acquired using either Mar165 charge-coupled 
device (CCD) detectors or a Pilatus 1M detector. The H2–He samples require a 
relatively large sample chamber (~15 µm) for growing hydrogen single crystals 
(~5 µm). The larger the sample chamber, the higher the exposure of the diamond 
anvil surface to the highly diffusive hydrogen or He, thus increasing the probability 
of premature diamond anvil failures, which limited our measurements of H2–He 
samples to below 160 GPa.

The second type of sample had pure H2 loaded and composite gaskets to achieve 
a clean XRD background on small samples. The preparation method used for pure 
H2 samples with a small sample chamber (~5 µm in diameter) was aimed at coun-
teracting the premature diamond anvil failure problem of the H2–He single-crystal 
method. The composite gaskets are the key to achieving a clean XRD background. 
They have a Re outer skirt and inserts made of either MgO and epoxy or cBN and 
epoxy. The epoxy used is totally amorphous, as confirmed by XRD measurements. 
The sample chambers were fabricated using a laser micro-fabrication system33 
located at HPCAT, APS, ANL. All samples were loaded by sealing high-pressure 
normal H2 gas of 99.99% purity obtained commercially (Airgas) at 0.16 GPa to 
0.2 GPa using gas loading systems. No Au pressure marker was loaded inside the 
sample chambers to avoid strong diffraction from Au, which may interfere with 
the identification of hydrogen XRD peaks. As mentioned earlier, the pressure scale 
derived from the H2–He samples was used for the pressure determination of all 
pure H2 samples. The diamond Raman edge34 and the equation of state of MgO35 
were also measured to cross-check the pressures. For instance, the pressure values 
obtained from the diamond Raman edge (d100-P) and MgO pressure scales for one 
of the phase IV samples measured using the nano-beam are 234 GPa, 232 GPa and 
238 GPa. The largest difference between these numbers is approximately 2.5% of 
the mean value, which is reasonable for the pressure range of 2 Mb.

The sample positions of the X-ray-transparent small H2 samples were deter-
mined by performing two-dimensional (2D) diffraction contrast imaging using 
the XRD intensity of the gasket insert materials (MgO or cBN), as demonstrated 
in Extended Data Fig. 6a, b. The XRD of pure H2 samples was measured using the 
nano-beam (beamline 34 IDE of APS, ANL) or the 1 × 2 µm2 probe with the MCC 
(beamline 16 IDB of APS, ANL). At 34 IDE, the X-ray beam was typically focused 
down to 300 nm (FWHM) at 24 keV. The data measured with the nano-beam 
were collected by rotational step scans typically of 0.2° step size within a ±19° 
angular range about the Ω axis and recorded using a Mar165 CCD detector. The 
typical data collection time for each angle was 60 s–120 s. At 16 IDB, a 2 × 1 µm2 
focused monochromatic beam of 30–35 keV was used. Two types of MCC were 
used, with 10° and 30° vertical opening angles (4θ, where θ is half of the angle 
between the incident X-ray beam and the diffracted X-ray beam). The MCC with 
30° vertical opening angle was specially developed by HPCAT to facilitate SXRD 
data collection for H2 in phase IV conditions, as shown in Extended Data Fig. 7. 
A Pilatus 1M detector was used in the experiments with the MCCs. The data 
collection by the MCC was performed by scanning the MCC in an angle range of 
typically 4°. The data collection time for one frame was 5–20 min, depending on 

the data quality. Most of the P–V data of phase I were measured using the pure H2 
samples with the 10° MCC.

The Raman measurements were conducted using the confocal micro-Raman 
systems at HPSynC and GSECARS at APS, ANL. Both systems are equipped with 
red excitation lasers at 659.5 nm, with backscattering geometry and a CCD cam-
era. We used the program Dioptas36 for XRD data reduction; XDI37 for the 2D 
XRD contrast imaging data analysis; Fityk38 for peak fitting, to subtract the peak 
positions from the reduced XRD data; and EoSFit7-GUI39 for fitting the equation 
of state.

The theoretical calculations for structural optimizations and the total energy 
computations were performed using the Vienna ab initio simulation package 
(VASP)40 by solving the Kohn–Sham equations within the density functional the-
ory (DFT) framework41. The projector augmented wave (PAW) method42, and 
the generalized gradient approximation (GGA) with Perdew–Burke–Ernzerhof 
parameterization (PBE)43 were used to describe the electronic exchange– 
correlation effects. A dense Monkhorst–Pack44 k-point mesh (30 × 30 × 20) was 
used for Brillouin zone integration for the optimization of the structures, using a 
cut-off energy of 700 eV. For accurate calculations of electronic properties, the GW 
approximation (implemented in VASP) was used, interfaced with the Wannier90 
code45.
Submicron hydrogen crystallites above megabar pressures. For the phase IV 
sample measured at 232 GPa using the nano-beam, XRD patterns collected at 
the same Ω angle but at different spatial positions (1 µm apart) do not show the 
same XRD spot. This suggests that the size of the crystal grains is less than one 
micrometre. However, because the samples measured above 210 GPa experienced 
diamond anvil failures during SXRD data collection, subsequent 2D XRD contrast 
imaging (tracking a selected H2 XRD spot) could not be performed to exactly map 
out the grain size of the phase III or IV samples. Fortunately, such analysis could 
be performed on two hydrogen samples in phase I up to 163 GPa. The (100), (002) 
and (101) reflections were observed with spotty peak profiles similar to those 
obtained from the samples in phases III and IV. The size of the grains, resolved 
by 2D contrast imaging analysis, is typically below one micron (Extended Data 
Fig. 6c–h). It is technically challenging to lock on a particular submicron crystal 
grain using the nano-beam while performing SXRD data collection by rotating the 
DAC with a wide angle range.
XRD diagnostic strategies. The effects of using the MCC and the X-ray nano-
beam to measure the XRD of hydrogen at megabar pressures are briefly discussed 
here. The use of the MCC with the DAC in general improves the SBR by cutting out 
most of the background from Compton scattering from the thick diamond anvils. 
The thickness of a typical hydrogen sample above 200 GPa is approximately 1 µm—
very small compared to the total thickness of 4.8 mm of two diamond anvils. Our 
measurements show that the background reduction achieved was ~80% (Extended 
Data Fig. 8a–c). However, the data collection time is considerably increased owing 
to the limited throughput of the MCC. An MCC with large vertical opening angle is 
especially beneficial for the collection of SXRD data for hydrogen (Extended Data 
Fig. 7). Above pressures of several megabars, H2 crystals break down to submi-
cron sizes (Extended Data Fig. 6c–h). Using a nano-beam to match the grain size 
improves the SBR substantially. For example, if the grain size is 500 nm, using a 
500-nm X-ray beam improves the SBR by a factor of ~16 compared to that obtained 
using a 2 × 2 µm2 X-ray beam with the same total flux (Extended Data Fig. 8d–f). 
A combination of the nano-beam with the MCC could achieve an even better SBR. 
Because the use of the MCC increases the sample-to-detector distance considerably 
(by a factor of 3 in our case), combining the nano-beam technique with the MCC 
requires a nano beamline that is capable of delivering a high flux of photons with 
relatively high energy (>30 keV) or that is equipped with a large-area detector, 
such as Pilatus 6M. Such developments will further facilitate XRD measurements 
of solid hydrogen at ultrahigh pressures.
Electronic band structure calculations. Theoretical ab initio calculations were 
performed to check for ETTs. The electronic band structures were calculated at var-
ious pressures spanning all three phases (I, III and IV). We used the hcp (P63/mmc) 
model, which is dynamically stable, for all three phases studied. In agreement 
with earlier experimental observations on solid hydrogen46, the electronic band-
gaps at 50 GPa and 100 GPa were calculated to be 4.3 eV and 3.8 eV, respectively 
(Extended Data Fig. 9a, b). The conduction band minimum occurs at the Γ point 
and the valence band maximum is found at the Γ → A and Γ → K high-symmetry 
directions, thus rendering phase I an indirect-bandgap semiconductor. However, 
a notable feature is observed at higher pressures. With further compression, the 
bandgap keeps decreasing but the nature of the dispersion curves change markedly 
in both the valence and conduction regions in the vicinity of the Fermi level. At 
the same position of the valence band maximum (Γ → A and Γ → K) for phase 
I, Dirac-like cones appear (Extended Data Fig. 9c–e). The conduction band close 
to the Fermi level has a mainly s character (80%) mixed with p character (20%). 
The electronic structure also shows that unoccupied p states are moving towards 
the Fermi level faster than s states. There are several immediate inferences that 
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can be drawn. Owing to the appearance of the Dirac-like cones in close proximity 
to the Fermi level, the density of states on either side of the Fermi level changes. 
This is a requirement for non-degenerate semiconductors to undergo an ETT. 
The conduction band minimum and valence band maximum (belonging to the 
Dirac-like cones) manifest in the lower effective mass of electrons. The hcp phase 
now becomes a direct-bandgap semiconductor. It would be interesting to further 
study how the Lifshitz transition would renormalize the bands and redistribute 
the electronic density of states. Although metallization and superconductivity of 
hydrogen are predicted to occur at higher pressures, our findings pave the way for 
future studies to explore how the Dirac-like cones affect the metallic and super-
conducting phases.

Admittedly, simple H2 molecules at hcp lattice sites do not explain multiple 
Raman vibrons and intense infrared spectra of phase IV and have a higher energy, 
according to DFT calculations, than other candidate models, such as C2/c (ref. 47), 
P6122 (ref. 48), Pc (ref. 19), Cc (ref. 18) and Pca21 (ref. 20) (Extended Data Fig. 10). 
The problems of intramolecular-symmetry breaking and higher energies by tens 
of millielectronvolts can be easily accounted for by molecular-level phenomena, 
such as H2 motif distortion25, ortho-para state26, change transfer and electron–
phonon coupling. We used hcp as an approximation to explore changes in the 
electronic band structure for the isostructural phase transitions from phase I to 
phases III and IV.
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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 45 GPa with the Re gasket. The inset shows a microscope 
image of the sample after gas loading, with the chamber diameter being 
17 µm. At 45 GPa, the chamber shrinks to a diameter of approximately 
10 µm. b, Raw XRD image of the sample obtained at 162 GPa using a 
composite gasket insert (cBN and epoxy); the chamber diameter is 7 µm. 
The setup of the beamline focusing device (Kirkpatrick–Baez mirrors) was 

similar in both measurements, with clean-up pinholes of 20 µm (a) and 
60 µm (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), 
b 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.
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Extended Data Fig. 2 | Definition of χ angle in the XRD image. χ is the 
azimuthal angle of the XRD spot within the detector plane. The blue arrow 
points to a diffraction spot inside the red circle.
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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.
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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. The spectrum clearly shows the 
characteristic Raman features of phase IV (marked by blue triangles), the 

low-frequency mode at 303 cm−1 and the second vibron at 4,149 cm−1. 
The inset shows the diamond Raman edge with a pressure of 234 GPa, 
which shows a difference of 2 GPa compared to our d100–P scale.
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Extended Data Fig. 5 | XRD measurements for the d100–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 
H2–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 H2–He samples at selected 

pressures. Different colours mark different runs. c, Comparison of the 
pressure-dependent shift of vibron frequency between the H2–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 H2–He samples.
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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. c–h, 2D diffraction contrast images 

based on intensities of selected XRD spots of H2 samples at 97 GPa (c–e), 
163 GPa (f, g) and 162 GPa (h). Darker colour indicates higher peak 
intensity. The step size of the 2D scan is 500 nm in both the horizontal 
and the vertical directions. The data analysis was performed using XDI 
software37.
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Extended Data Fig. 7 | Raw XRD images obtained using MCCs with 
two different vertical opening angles. a, b, Images obtained using MCCs 
with 4θ angles of 10° (a) and 30° (b) with the Pilatus 1M area detector. 
The MCC with 10° 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 10° 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 χ 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 10° MCC at pressures greater than 
1 Mb. However, measurements of the c/a ratio using the 10° 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 100 GPa 
were measured with the 10° MCC). Because searching for the XRD spot 
using the 10° 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 30° was 
specially designed by HPCAT to overcome the above problems. When 
using the 30° 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.
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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 
143 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 2 × 1 µm2 focused X-ray beam at beamline 16 IDB of APS.  

d–f, XRD images corresponding to the real beam size of 300 nm (d) and 
equivalent beam sizes of 1 µm (e) and 2 µm (f). The data were collected 
using a 300-nm nano-beam. The data in d were collected at a single sample 
position with 60 s exposure. The image in e was acquired by merging nine 
images measured by a 3 × 3 2D scan with the same exposure time for each 
image (60 s). The image in f was obtained by merging 49 images collected 
by a 7 × 7 2D scan with the same exposure time for each image (60 s). The 
step size in the 2D scans was 500 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. a–e, Band structures calculated at 50 GPa (a), 100 GPa (b), 156 GPa (c), 193 GPa (d) and 
240 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 232 GPa using the nano-beam

‘Position #’ indicates the sample position where the XRD data were measured. Ω is the rotation 
angle of the sample about the Ω axis. χ is the azimuth angle of a diffraction spot on the CCD 
detector (see Extended Data Fig. 3). Only a few reflections were captured at sample position 3 
because of failure of the diamond anvil during an early stage of the step scans at that sample 
position.




