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The structural evolution of molecular hydrogen H, under multi-megabar compression
and its relation to atomic metallic hydrogenis a key unsolved problemin condensed-
matter physics. Although dozens of crystal structures have been proposed by
theory'™, only one, the simple hexagonal-close-packed (hcp) structure of only
spherical disordered H,, has been previously confirmed in experiments’. Through
advancing nano-focused synchrotron X-ray probes, here we report the observation
of'the transition from hcp H, to a post-hcp structure with a six-fold larger supercell

at pressures above 212 GPa, indicating the change of spherical H, to various ordered
configurations. Theoretical calculations based on our XRD results found a time-
averaged structure model in the space group P62c with alternating layers of spherically
disordered H, and new graphene-like layers consisting of H, trimers (Hy) formed by the
association of three H, molecules. This supercell has not been reported by any previous
theoretical study for the post-hcp phase, but is close to anumber of theoretical models
with mixed-layer structures. The evidence of a structural transition beyond hcp
establishes the trend of H, molecular association towards polymerization at extreme

pressures, giving clues about the nature of the molecular-to-atomic transition of
metallic hydrogen. Considering the spectroscopic behaviours that show strong
vibrational and bending peaks of H, up to 400 GPa, it would be prudent to speculate
the continuation of hydrogen molecular polymerization up to its metallization.

Inhis Nobel Lecture, Vitaly L. Ginzburg named ‘metallic hydrogen’and
‘room-temperature superconductor’ as the ‘physical minimum (foun-
dation)’ of the twenty-first century®. Metallic and superconducting
behaviours’ of hydrogen are the phenomenological manifestation of
its electronic band structure, which is defined by its crystallography.
Asemphasized by the original Wigner and Huntington (W&H) paper ‘on
the possibility of ametallic modification of hydrogen’, the metallic con-
jecturewasbased onthe crystallographic premise of ‘hydrogen atoms
onaBravaislattice’similar to the body-centred cubic (bcc)-structured
alkali metals Liand Na. However, the stability of bcc atomic hydrogen
at any pressure has been dismissed by modern calculations. The true
scientific meaning of ‘metallic hydrogen’is, therefore, the investigation
of the pressure-induced crystallographic evolution from molecular
hydrogen crystal in a hexagonal close-packed (hcp) structure®®to an
atomic hydrogen crystal structure that may exhibit exotic behaviours
imposed by certain new crystallography. Although multi-megabar
electrical conductivity and optical absorption measurements have indi-
cated semi-metallic™ and probable metallic*? observations of hydrogen,

respectively, thus far the key X-ray diffraction (XRD) measurement,
whichisnecessary for revealing the atomic hydrogen crystal structure,
hasonly disclosed hcp or hcp-like structures of H, molecules (phases|
(refs. 9,10), Il (refs. 13,14), Il (ref. 14) and IV (ref. 15)). Here we report the
observation of a post-hcp hydrogen crystal structure with 24 Hatoms
inahexagonal unit cell.

XRD study of hydrogen samples with submicron grains at
multi-megabar pressures is extremely challenging because of the
uniquely lowest X-ray scattering cross-section and highest Debye-
Waller factor of hydrogen among all elements. Optical Raman and
infrared spectroscopies have yielded valuable information on molecu-
lar bonding and local symmetry and have been used in the past for
identification of ultrahigh-pressure hydrogen phases Ill (ref. 16), IV
(refs.17,18),1V’ (ref.19) and V (ref. 20) (Extended Data Fig. 1a). Although
optical spectroscopies are not able to define the crystal lattice, they do
reveal theimportant features that the quantum-disordered spherical
hydrogen molecules in Acp phases I become ‘classically ordered™ to
show non-zero time average of the molecular bond direction in the
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Fig.1|Symmetryreflected by SCXRD dataand geometrical relationship
between hcp unit celland supercell. a, Raw XRD image produced by merging
selected step scan frames showing four peaksindexed usingv3 xaand2 x c
supercell at 219 GPa. b, Reciprocal space coordinates of the four peaksinaand
anglesbetween the pairs of peaks. Red and black spheres represent Bragg peaks
andreciprocal space origin, respectively. Millerindices are marked beside red
spheresinblack boxes. Numbersin coloured boxes are the observed angles and
theoretical angles (in parentheses).-210,-120,110and 2-10 of the supercell
correspondto1-10,100,010and-110 of hcp, respectively. Adjacent peaks
make angles close to 60.0°, demonstrating the six-fold symmetry. c-e, The

higher pressure phases, that s, exhibiting individual Hatomic charac-
teristics and orientation ordering in the crystal lattice. Studying this
ordering of molecules is an important avenue for understanding the
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geometrical relationship between the original Acp unit cell (grey) and the

v3 xa2xcsupercell (red); dand e are projections of calong different directions.
f,g, Raw XRD images for dataat 245 GPaand 221 GPa, respectively. The XRD
images were merged fromselected step scan frames. Boxesin XRD images

mark the peak positions, with magnified views of the peaks demonstrated on
thesideinbiggerboxes. Numbers are Millerindicesin the v3 x a2 x c hexagonal
supercell. Redindices mark peaks uniquely belonging tothe v3 x a2 x chexagonal
supercell, whereas white indices mark peaks that are also allowed by the Acp
symmetry.

crystallographic evolution of the molecular-atomic hydrogen transi-
tions. A full range of crystal structures, including many different space
groups***28 and even amorphous superfluid superconductor®>°



Table 1] List of reflections indexed with hexagonal supercell
at221GPaand 245GPa

221GPa, a=2.9807(3)A, ¢=5.36(1)A

hkl doe (A) dea (A) o= deat (A)
1-20 1.4885 1.4903 -0.0018
-1-10 1.4901 1.4903 -0.0002
110 1.4928 1.4903 0.0025
-120 1.4899 1.4903 -0.0004
20-1 1.2559 1.2547 0.0012
02-1 1.2536 1.2547 -0.0012

245GPa, a=2.9374(4)A, c=5.243(8) A

hkl dops () deat () Ao~ eat (A)
1-11 2.2895 2.2887 0.0008
0-11 2.2887 2.2887 0

-210 1.4702 1.4687 0.0015
110 1.4676 1.4687 -0.00M
02-1 1.2358 1.2361 -0.0003

d,s and d,, represent the d-spacing values of observed and calculated reflections,
respectively. Numbers in parentheses are fitting errors.

have been proposed for the post-Acp hydrogen phases, but owing to
the inherent difficulties of hydrogen calculations?, no consensus has
yetbeenreached onstructures by calculations; XRD is indispensable.
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Fig.2|Evolution of d-spacing and unit cell parameters with pressures.
a,d-Spacing of Bragg peaks. Millerindices for solid and open symbols belong
to the supercell and hcp unit cell, respectively. Error bar represents standard
deviation of the measured d-spacing of Bragg peaks within the same class.

b, Unitcell parametersaandc. ¢, Unit cell volume. Ina-c, solidand open symbols
represent datawith and without supercell peaks, respectively. All dashed lines
were calculated with the cell parameters reported previously®, using the
relationshipa’=v3xa,c’=2xc, V' =6xV,wherea’,c’,V’',a,cand Vrepresent
cell parameters of the supercell and hcp-like unit cell, respectively.band c have

The frontier of ultrahigh-pressure hydrogen XRD studies has been
evolving symbiotically with the new generations of synchrotron X-ray
facilities and the development of state-of-the-art micro-diffraction
techniques®'®®. Although all available XRD data can be indexed by the
hcp structure of hydrogen molecules, the c/alattice parameter ratio of
the hcp as afunction of pressure shows a distinctive kink at the bound-
ary of phases I and Ill at 205 GPa and ambient temperature®, hinting
ataprobabletransitionto a post-hcp structure because of orientation
ordering that would require detection of additional diffraction peaks
of much weaker XRD signal intensities. During the past 5 years, we
have been continuously improving the single-crystal XRD (SCXRD)
technique of hydrogen. Compared with powder XRD, SCXRD has the
advantage that the signal for aspecific diffraction planeis concentrated
atasingle spot rather than dispersed along aring, greatly enhancing
the signal-to-background ratio of XRD data. The precise angular rela-
tionships among different SCXRD spots also unequivocally define the
Miller indices, crystal unit cell and orientation>*'*®, Furthermore, the
strong background was substantially suppressed by using an X-ray
transparent composite gasket'*', Using anewly upgraded synchrotron
nano-probe®* with a high precision and reproducible sample position-
ing system®** considerably improves the accuracy and stability of
the coordinated sample-beam motion. Overall, these improvements
allow us to detect and identify weak reflections that were undetect-
able previously.

With the improved SCXRD of submicron-sized hydrogen crystals
inthe phase IV condition, apart from the previously observed (10 0),
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doubley-axes, with theleft and right y-axes showing the values of the supercell
andthe hcp unit cell, respectively.d, ¢/a Ratio calculated in a Acp-like unit cell.
Black and red dashed lines represent the fitting of phase 1 and phase IV from the
previous study”, respectively. Green dotted linesinall panels mark the reported
phaseboundaries. Error barsinarepresent the standard deviation of measured
d-spacingvalues. Errorbarsinband crepresentfitting errors from the software
UnitCell*, except those for two data points at 232 GPaand 233 GPa, for which
theerrorbars were manually calculated from three Bragg peaks, indexed as
-1-10,103,0-13(232GPa)and-210,1-1-3,0 04 (233 GPa), respectively.
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Fig.3|Crystal structure demonstration and theoretical calculations of P62c
model. a, Schematic of the P62c model. Purple and blue symbols represent
hydrogenin G layersand B layers, respectively. Blue spheresin B layers represent
freely rotating H, molecules.In Gland G2 layers, white dots and dashed lines
represent Hatoms and H-Hbonds, respectively. b, Atomic trajectory of H from
MD simulations (4 ps). Red and purple dots represent atomic trajectories in
Gland G2layers (graphene-like), respectively. Blue dots represent the atomic
trajectoryintheBlayers. ¢, Structural model (4 unit cells correspond to b) of
P62c containing only Gland Blayers. Red, green and blue circles mark the centre

(002)and (101) Bragg peaks of the Acp unit cell®” (six-fold symmetry
within the a-bplaneisrevealed as showninFig.1a,b), we have observed
three new weak peaks,indexedas(101),(103) and (201) ofapost-hcp
structure, in10 different crystal grains at pressures between 212 GPaand
245 GPa (pressure points covered are shown in Extended DataFig. 1b).
None of the new peaks were observed below 212 GPa, clearly marking
theboundary between hcp and post-hcp regions. The angular relation-
shipsand d-spacings of the three new peaks fit to a hexagonal supercell
ofthe hcp cell (within experimental uncertainties), with expanded unit
cell parameters of v3 x @ and 2 x ¢, where a and c are the original hcp
unit cell parameters. The geometrical relationship between the new
supercell and the hcp base cell is shown in Fig. 1c-e. This represents
the first direct XRD crystallographic determination of the post-hAcp
structure of hydrogen at ultrahigh pressure. The supercell contains 24
hydrogen atoms per unit cell, whereas the original ~cp contains 4. The
stronger (110), (0 04) and (112) peaks of the supercell are equivalent
to (100),(002)and (101) of the original Acp unit cell”, respectively.
Thenew(101),(103)and (201) peaks are much weaker and require the
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Frequency (cm™)

of trimmer units of three different typesin Gllayer.d, Representation of each
layerinone unitcell. e, Free energies of the P62c, Cmca-4 and 14,/amd structures
relative to C2/c-24 at 300 K using the phonon DOS derived from MD simulations.
Theshadedregionindicatesthe errorrange through comparisonwith results
obtained from static phonon calculations.f, Vibrational spectra, including all
vibrational modes (Raman and infrared), deduced from MD simulations.
Calculationsat300 K were also performed, giving similar results compared with
thoseat100 Kbutwith alower peak resolution because of temperature effects.

current technicalimprovements (apart from the use of X-ray transpar-
ent gasket™* as shown in Extended Data Fig. 2c,d) to become visible
beyond the background noise.

Two datasets at 245 GPa and 221 GPa are shown in Fig. 1f,g (XRD
images) and Extended Data Fig. 3 (rocking curves) to demonstrate
the data quality. The quality of indexing using d-spacing and reciprocal
space angles are demonstrated in Table 1 and Extended Data Table 1,
respectively. Similarinformation on all other SCXRD data can be found
in Extended Data Figs. 3 and 4, as well as Extended Data Tables1and 2.
For the sample at 245 GPa, three weak SCXRD supercell peaks in the
(101) and (201) classes were observed apart from two SCXRD peaks
in the (110) class (equivalent to Acp (10 0)), giving a=2.9374(4) A,
c=5.243(8) Aand VV=39.18(6) A>. Owing to the preferred orientation of
hydrogen crystals under compression (c-axis of the Acp unit cell tends
toalign with the compression axis) and the limited diamond anvil cell
opening, we needed to conduct multiple experiments and search 10
hydrogen crystals to cover the reciprocal space completely, includ-
ing the rare observations of (0 0 4) (as shown in Fig. 2a and Extended



Table 2| Structural parameters for the time-averaged P62c
model calculated at 250GPa

Space Group P62¢ (190)

Lattice parameters

abcaBy
2.9069 2.9069 5.253190 90 120

Structure parameters

x y zOccupancy Site

1H 0.3212 0.3512 0.2500 1 6h
2 H0.6592 0.6998 0.250016h
3H0.33330.66670 2 4f
4H00022a

As H, molecules in B layers are constantly rotating freely, their atomic coordinates (H3 and
H4) are expressed by their mass centre with occupancy of 2.

DataFig.4h). Measured unit cell parameters of the hexagonal post-Acp
structure are shown in Fig. 2b,c. The large post-hcp unit cell allows
sufficient degrees of freedom to explain multiple distinctive vibrons
inRaman'®*¢ andinfrared®*>’ spectroscopies, indicating at least two
chemical environments of hydrogen, in contrast to the single vibron
(identical chemical environment) fromallH, molecules in the original
hcp unit cell®,

Based on the XRD observed supercell, we performed DFT-based
molecular dynamics (MD) simulations to further explore hydrogen
atomic coordinates and quantum motions. A time-averaged structural
modelinthe P62c (190) space group with a mixed structure of alternat-
ingBr,-like (B) and graphene-like (G) layers was obtained. A schematic
unit-cellmodel of the molecular motionin phaseIVis showninFig. 3a.
This modelis similar to the previously calculated low symmetry mon-
oclinic Pc (ref. 27) and Cc (ref. 26) models, and the strong quantum
effect makes the time-average unit cell hexagonal. We note that P62c
satisfies group—subgroup relation with respect to hcp (S.G. P6;/mmc),
and we can place all four space groups (P6;/mmc, P62c, Pc and Cc) on
the group-subgroup path. In the B layer, the centres of mass of the
spherical H,molecules are unchanged from the original ~cp molecular
lattice sites (Fig. 3b,c). The G layer consists of ahoneycomb formed by
H, trimer units (Fig. 3c) that contain three H, molecules. The honey-
comb geometry naturally requires the expansion of the lattice param-
eter a of the Acp unit cell with one H, unit per layer per unit cell into
V3 x atoaccommodate one trimer unit per G layer per unit cell (Fig. 3d).
The H, molecules do not completely dissociate into individual atoms
uniformly occupying all triple joints of the honeycomb network, but
retain diatomicbonding and orientinto at least three distinctive types
of trimers: 1,2 and 3, as marked in Fig. 3c. The variability of the three
trimer types provides the distinction of the G1and G2 layers, resulting
in the four-layer (2 x ¢) G1-B-G2-B unit cell. MD simulations suggest
that H, molecules in G and B layers exhibit different motions (Fig. 3b).
Inthe G1and G2 layers, planar rotation of the hexagon H, trimmer was
disclosed, consistent with a previous report*’. Inthe B layers, H, mole-
cules rotate about their mass centres in a disordered orientational
state, similar tomoleculesin phasel. This disorder orientational state,
also evidenced by the prominent (110) reflection, is consistent with
anentropy-driven phase transition™ from phase Il to phase 1V, in which
molecular rotations constitute the primary entropy difference*. An
example of the time-averaged structure model calculated at 250 GPa
isshowninTable 2. Simulated XRD patternbased on this time-averaged
model agrees with the experimental data, showing all six classes of
observedreflections (Extended DataFig. 6). Free energy and vibrational
spectra were also calculated and shown in Fig. 3e,f, which offer addi-
tional support for the P62c model. Thus, the P62c model withv3 x a
2 x ¢ supercell of hcp is reasonable to represent phase IV, which com-
prises both unit cell expansion and symmetry reduction. As P62¢c model

exhibits intense quantum effects, a question arises about how the
heavierisotope D, behaves* structurally in phase IV. D, does exhibita
slightly different phase boundary between phase Ill and phase 1V,
approximately 20 GPa higher than that of H, at room temperature®.
Theelevated transition pressure is consistent with the entropy-driven
phase transition, which favours H, because of its smaller molecular
weight. However, the Raman and infrared spectroscopic features of
phase IV in the two isotopes are similar, suggesting a similar crystal
structureinphaselV of D,, which awaits further confirmation by SCXRD
measurements using the currently reported techniques.

Our SCXRD datasupport predictions of structural models with mixed
structure, as first proposed by Pickard and Needs'. The prominent
feature of the sharpreductioninc/aratio of the hcp-like latticeinboth
this study (Fig. 2d) and the previous work® is consistent to the mixed
structure, in which the planar alignment of H, molecules ingraphene-
like layers explains this reduction in ¢/a ratio. Among the numerous
theoretically predicted post-hcp crystal models of hydrogen?, some
recent models****** share common features with our P62c model,
specifically, Pc, Cc, Pca2,(phase V), BG’BG” and so on, which also allow
all six experimentally observed Bragg peaks. Other models"?****
for phasesll, IlI, IVandV, including Pca2, (phasell), P2,/c, P6,/m, P6,22,
Cmca-12,Cmca-4, BG,BG,BG,, Fmmmand Ibam do not satisfy the char-
acteristic supercell peaks withindices (101),(103)and (201),asshown
in Extended Data Fig. 7. These predictions open a huge area of investi-
gation awaiting further XRD exploration.

Our results show the key insight of the multi-megabar hydrogen
crystallography and stereochemistry. Originally, the metallization of
hydrogenwas conceptualized as the pressure-induced dissociation of
H, dimer to forma bcc alkali metal® of atomic H or even a quantum fluid
without spatially ordered atomic structure?*, However, the H, dimer
in the simple Acp lattice was very stable under extreme compression
up to 200 GPa. Now we finally observed crystallographic changes in
phasesllland IV at the pressure range of 212-245 GPa. There is still no
sign of intramolecular H-Hbond dissociation, but it shows distinctive
polymerization by the formation of intermolecular H,bondsin the G
layers. Considering similar spectroscopic behavioursinIV’ (ref. 19) and
V (ref. 20) (up to 400 GPa) that show multiple strong vibrational and
bending peaks of hydrogen bonds, it would be prudent to speculate
the continuation of polymerization up to metallization. In other words,
onfurther compression, this polymerization process may proceedin
various paths with the G layers turning into complete two-dimensional
extended sheetssuchastrue graphene, the polymerization of Blayers
and the polymerization of a three-dimensional extended H network.
Thus, the molecular-atomic transition process may not be a disso-
ciation of H, molecules into individual H atoms to form a Bravais lat-
tice as W&H proposed?, nor a transition to complete disordered fluid
structures, but more likely an association of H, molecules to form an
extended H.. polymer. When such polymer eventually turns metallic
because of ]. D. Bernal’s all-encompassing view, ‘all substances go over
under very high pressures into metallic’ (as quoted in ref. 8) (ref. 1), it
may become a new polymeric metal defined by its crystal structure.
Thespatially ordered atomic structure opens up opportunities for XRD
crystallographic investigation of the molecular-atomic transition.
With the rapid progresses of both X-ray sources and high-pressure
technology, the ultimate understanding of metallic hydrogen crystal-
lography and consequential exotic properties appears to be within
reach.
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Methods

Experimental

Symmetric DACs were used to generate high pressure, with 30 pum culet
size bevelled to 300 pum or 250 um with an 8.5° bevel angle. Boehler—
Almax-type anvils, mostly purchased from Almax easyLab, with 41°
X-ray opening, were used to ensure achieving pressures above 200 GPa
while gaining reasonable X-ray opening. More than 40 samples were
prepared, with datameasured in between 140 GPaand 245 GPa.H, gas
0f 99.999% purity was purchased from Chunyu Special Gases. H, was
pumpedto 0.17 GPaand sealed into DAC sample chambers using agas
loading system at HPSTAR, Shanghai. X-ray transparent composite
gaskets made by magnesium oxide powder and epoxy mixture!>34¢
were used for all samples. This gasket provides a clean XRD background,
which is important for XRD studies of hydrogen. Sample chambers,
originally 10-15 pm in diameter, were fabricated by laser drilling
on pre-indented gaskets. Hydrogen samples at high pressure above
200 GPa usually remained about 5 pmin diameter. For most samples,
asmall piece of gold (Au) flake was loaded inside (or near) asample
chamber to function as a position marker to precisely align the rotation
centre. To be consistent, pressure was determined using the hydrogen
pressure scale, which we developed previously™?!.

Synchrotron XRD experiments were attempted at multiple beam-
lines, including P02.2 (Petralll, DESY, Germany), NanoMAX (MAX IV
Laboratory, Lund University, Sweden), 34-IDE (APS, ANL, USA), and
BL15U (SSRF, China). Areadetectors and amonochromatic X-ray beam
were used at allbeamlines. At P02.2 (Petralll, DESY, Germany), an X-ray
probe with 800 nm FWHM at 25 keV, focused by a compound refrac-
tivelens, was used. High-precision sample-stage systems were used to
couplewith the nano-probe setups®, and this is the key to the success of
measuring SCXRD data fromindividual micron-sized crystal grains of
hydrogen. A Pekin Elmer (XRD1621) with alarge areawas used for record-
ing XRD signals. SCXRD data were also collected by rotating DAC by
+18°by anangular step of 0.1° or 0.2°, withan exposure of 30 s per step.
For some samples without Au position markers, two-dimensional scans
with the rocking asthe fast dimension and horizontal translation asthe
slow dimension need to be performed to make sure that the XRD signal
from a single crystallite can be captured. At the NanoMAX beamline
(MAXIV Laboratory, Lund University, Sweden), Kirkpatrick-Baez (KB)
mirrors (JTEC, Japan) were used to focus X-rays between 20 keV and
26 keV down to 50-100 nm (FWHM). A Pilatus 1M detector (DECTRIS,
Switzerland) was placed about 15 cm downstream of the focus to record
XRDimages. Datawere collected by rotating the sample (DAC) by +18°
inangular steps of 0.1°and 0.2° and using exposure times of 30-60 s per
scan point. At 34-1D-E (APS, ANL, USA), a24 keV X-ray probe with 300 nm
FWHM, focused by aJTEC KB mirror pair, was used. AMarCCD165 area
detector was used torecord the XRD signal. SCXRD datawere collected
byrotating the DAC by £18° withanangular stepof 0.2°and30sto60 s
exposures per angle. We have to emphasize that due to the long data
collection time for a single dataset (2-6 h), stability of the beamline
setupis crucial for the success of the experiment, including stable hutch
temperature. Moreover, asboth the crystallite and the X-ray probe are
small, agood rotation centre alignmentis alsoimportant. The current
alignment s a two-step procedure. First, rough alignment of the rota-
tion centre by X-ray transmission scan of the Re hole (100-150 pum in
diameter) is performed. Second, a fine alignment is done by either a
one-dimensional XRD scan across the sample chamber or aligning on
Au position markers when available. We strongly recommend loading
Au position marker, by the help of which, the precision of rotation
centre alignment can be markedly improved (Extended Data Fig. 2).
This isimportant for the SCXRD data collection using nano-probe on
samples with micron-sized grains.

For analysing d-spacings of Bragg peaks, the raw XRD images were
integrated using Dioptas* software (PyFAl-based azimuthal integra-
tion) and Fityk** was used for fitting peak positions. Owing to the limited

number of Bragg peaks from a single crystallite, the data processing
must be performed manually, instead of using a commercial SCXRD
data analysis software. The indexation of SCXRD data is performed
intwo steps. We first search all peaks that can be indexed into certain
crystal grains based on the original Acp unit cells. Forinstance, with an
SCXRD dataset, wefirst searched all possible Aicp (100),(002)and (101)
Bragg peaks, taking reference from the reported EOS". Those peaks
arerelatively strong, and the search for them lays the basis for indexa-
tions in supercell. The reciprocal space coordinates of all searched
peaks are then calculated according to the experimental geometries.
The angles between each pair of peaks are calculated and compared
to the theoretical values based on measured unit cell parameters and
the hexagonal lattice. Theoretical angles were calculated as follows:

2
hihy + Ky 3 (ko + hoke) + 2256y

cosg =

o))
(ke b 23k s o 2

where a and care measured unit cell parameters of the hcp-like lattice;
hy, ky, [, h,, k,and [, are Miller indices of the two peaks for calculating
their angle, ¢, in the reciprocal space. For any pair of peaks, if their
angle matches the theoretical value, indexation would be further
performed using software Nsingle by inputting a pair of peaks with
the corresponding hcp Miller indices, as well as the estimated unit cell
parameters. Only when one or more predicted peaks based on the UB
matrix fromindexation were further confirmed by our experimental
data, we considered the datato be valid SCXRD data from one crystal-
lite. Typically, the number of peaks found belonging to one crystallite
ranges from three to eight. Once a crystallite is confirmed by the
above procedure, further indexation by using v3 x a 2 x ¢ supercell
would be conducted by assigning the peaks with Miller indices in
the supercell. We would then examine whether any predicted peak
uniquely belonging to the supercell can be confirmed experimentally.
Following these procedures, we found unique supercell peaks in 10
crystal grains.

Atpresent, the SCXRD datashow that the three classes of reflections
that can be allowed by Acp structure ((110), (0 04) and (112)) are
relatively strong, whereas the other three classes uniquely belonging
to the supercell ((101), (10 3), (201)) are relatively weak. However,
the intensity information is not appropriate for further quantitative
analyses because of intrinsic reasons of the current samples and tech-
niques (micron grains easily shift partially off the submicron beam
because of inevitable thermal drift during very long data collection
and low number of measurable Bragg peaks inadequate for statistical
analyses for removing peaks with abnormalintensity). Further techni-
cal advances are thus imperative.

Theoretical calculations

Inthis work, we performed density functional theory simulations using
the VASP code®. The exchange correlation function was chosen as
Generalized Gradient Approximation Perdew-Burke-Ernzerhof*° by
using the projector-augmented wave method®. We choose an energy
cutoffof 500 eV and ak-point sampling of 21t x 0.048 A™. The simulated
cellsof 72 and 96 hydrogen atoms were used. Toinvestigate the dynam-
ics behaviour of hydrogen, we performed isothermal-isobaric (NPT)
molecular dynamics (MD) simulations at 250 GPaand 300 K, at which
thetotalrunisatleast 20,000 steps withatime step of 0.5 fs. As aresult
of molecular dynamics simulations, together with the MD trajectory
(Fig.3b), itisseenthat the simulated structure could be considered as
amixed configuration that contains alternating B and G layers, as
reported in previous studies®**°, Furthermore, time-averaging cen-
troids of molecular hydrogen units yield a structure with asymmetry
space group of P62¢(190). The detailed information on lattice param-
eter and atomic positionis provided in Table 2.
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To explore the impact of quantum nuclear effects on the dynami-
cal behaviour of hydrogen, we performed canonical ensemble (NVT)
path-integral molecular dynamics (PIMD) simulations at 250 GPa
and 300 K using the PIMD code®. The simulated cell containing 96
hydrogen atoms was used. The simulations consisted of a total of
4,000 steps with a time step of 0.5 fs. To sample the imaginary time
pathintegral, 32 beads were used. As aresult, the consistency between
the MD and PIMD trajectories (Extended Data Fig. 5a,b) indicates that
our conclusions remain correct after considering quantum nuclear
effects.

We extended our analysis by calculating the phonon density of states
(DOS) of P62c using MD simulations. First, we performed 2,000 steps
of MD simulations under the NPT/NVT ensemble to obtain the atomic
configurations and velocities at finite temperature. Subsequently,
more than 3,000 steps of MD simulations were conducted under the
microcanonical (NVE) ensemble. After that, the phonon DOS was
derived by applying a Fourier transform to the velocity autocorrela-
tion function obtained during the MD simulations under the NVE
ensemble. Fromthe phonon DOS, we identified the major Ramanand
infrared vibron. Two groups of high-frequency peaks (above
3,000 cm™) were found, corresponding to the double vibron feature
inthe Raman and infrared experimental data. Furthermore, the soften-
ing of the G-layer vibron (3,100-3,500 cm™) between 250 GPa and
300 GPais more notable than the B-layer vibron (above 4,000 cm™),
which is also qualitatively consistent with the experiment results
(Fig. 3f). Moreover, we further estimated the free energy using the
phonon DOS derived from MD simulations at 100 K, the results (Fig. 3e
and Extended Data Fig. 5¢) indicate that P62c has the lowest energy
at250 GPa.
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Extended DataFig.1|Post-hcp datapointsin phase diagram. (a) Phase Vrepresents their similarity in crystal structure asindicated by spectroscopic
diagram of hydrogen. Lines represent phase boundary, stars represent data. The drawing of this phase diagram takes references of previous
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Extended DataFig.2|Qualities of rotation center alignment withand
without Au position marker. (a) Micro-image of H, sealed in MgO-epoxy insert
gasket without Au position marker. (b) Rotation center alignment by scanning
MgO (20 0) peak at three different angles. Position with no MgO peakis where
H,islocated. Dashlines mark the center positions of H, at different angles.

(c) and (d) show micro-images of H,sealed in MgO-epoxy insert gasket with Au
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center alignment by scanning Au (111) Bragg peak at three different angles.
Dash lines mark the center positions of Au at different angles. With Au position
marker, the precision of rotation center alignment is substantially improved.
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218 GPa, 223 GPa, 232 GPa, and 243 GPa, respectively. Such sharp rocking
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Extended DataFig.4|Raw XRD images of the other seven crystal grains mark the peak positions, with magnified views of the peaks in thered rectangles.
measured at 212 GPa (a), 212 GPa (b), 213 GPa(c), 218 GPa(d), 223 GPa (e), Numbers are Millerindicesinthe~3 xa2 x ¢ hexagonal supercell.Red indices
232GPa(f), 243 GPa(g), and 233 GPa (h), respectively. Those XRD images mark peaks uniquely belonging to the \/3 x a2 x chexagonal supercell, while

were alsomerged from selected step scanimages. Small boxes in XRD images whiteindices mark peaks which are also allowed by the Acp symmetry.
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Extended DataFig. 5| Atomic trajectories and free energy of P62c.

(a) Atomic trajectory of H from MD simulations with a total time of 2 ps.

(b) Atomic trajectory of H from PIMD simulations with a total time of 2 ps.

Red and purpledotsrepresentatomictrajectoryin Gland G2 layers, respectively.

Blue dots represent atomic trajectory in B layers. (c) Free energies of the P62c,
Cmca-4 and /4,/amd structures relative to C2/c-24 at 250 GPa using the phonon
DOS derived from MD simulations. The shaded regionindicates the error range
through comparison with results obtained from static phonon calculations.
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Extended DataFig.7 | Comparison of Bragg peaks of different structural
modelsinad-spacingrange of 1.15A to 2.5 A to that of P62c. Red bars
representintensity of Bragg peaks. Blue dash lines mark unique supercell peaks,
red dashlines mark peaks which are also allowed by hcp-like unit cell. Intensities
of Bragg peaks were calculated by using software PCW. Peak intensity generated
by PCW of one peak was divided by the multiplicity of that peak. Unitcell
parameters of allmodels were derived based on Acp-like unit cell parameters
measured at 245 GPa (a,=1.6969 A and ¢, =2.6124 A), assuming those lattices
being perfect supercell of the Acplattice (inreality, most theoretical models
aredistorted from the perfect supercell geometry). Specifically, the geometry
relationships are listed as the following: Pca2, (phasell),a=+/3-a,b=a,c=c,
a=90.0°$=90.0°y=90.0°P6;/m (phasell),a=2-a,b=2-a,c=c,a=90.0°
B=90.0°y=120.0% P6,22 (phasell),a=/3-a,b=/3-a,c=3-c,a=90.0°

B=90.0°y=120.0° B2/n (phaselll),a=/3-a,b=2-co,c=3-a,a=90.0° §=90.0°
y=90.0° Ibam (phaseV),a=/3-a,b=a,c=2-c,a=90.0°=90.0°y=90.0% Pc
(phaselV),a=-/3-a,b=3-a,c=2-c,a=90.0°f=90.0°y=90.0° Cc (phase V),
a=2-/3-a,b=23-a,c=2-c,a=90.0°=90.0°y=120.0° Pca2, (phase V)
a=-3-a,b=3-a,c=2-c,a=90.0°=90.0°y=90.0°%P6,/ca=-3-a,b=-/3-a,
c=2-c,a=90.0°$=90.0°y=120.0° Pna2, (phaseV),a=2-c,b=3-a,c=/3-a,
a=90.0°5=90.0°y=90.0° Atomic coordinates of models from
literatures"?*?**were used to calculate XRD patterns. P6,/c (phase V) in (d) has
very weak (10 3) peak, which cannotbe displayed in the plotted figure. B2/nis
another setting of the so-called C2/c structure with c axis as the unique axis. The
calculatedintensity of the reflection corresponding to the (110) of P62¢, based
onB2/n,is0.



Extended Data Table 1| Angles between pairs of Bragg peaks in the reciprocal space of the SCXRD data from ten crystal

grains
hikil haokal> anglecbs  anglecalc Diff.
221 GPa (grain #5)
1-20 -1-10 60.2 60.0 02
1-20 110 119.5 120.0 -0.5
1-20 -120 179.3 180.0 -0.7
1-20 20-1 89.8 90.0 -0.2
1-20 02-1 147.1 1473 -04
-1-10 110 179.6 180.0 -0.4
-1-10 -120 1203 120.0 03
-1-10 20-1 147 4 1473 0.1
-1-10 02-1 1473 1473 0.0
110 -120 59.9 60.0 -0.1
110 20-1 322 32.7 -0.5
110 02-1 32.8 32.7 0.1
-120 20-1 89.5 90.0 -0.5
-120 02-1 32.1 32.7 -0.6
20-1 02-1 58.1 58.2 -0.1
245 GPa (grain #10)
1-11 0-11 53.2 535 -0.3
1-11 210 141.0 141.2 -0.2
1-11 110 90.2 90.0 02
1-11 02-1 122.7 122.7 0.0
0-11 210 90.0 90.0 0.0
0-11 110 141.1 141.2 -0.1
0-11 02-1 167.7 167.8 -0.1
210 110 120.1 120.0 0.1
210 02-1 90.3 90.0 0.3
110 02-1 32.5 32.7 -0.2
212 GPa (grain #1)
110 -1-10 179.9 180.0 -0.1
110 212 1159 1159 -0.0
110 2-1-2 64.1 64.1 0.0
110 0-2-1 147.5 1473 0.2
-1-10 212 64.0 64.1 -0.1
-1-10 2-1-2 116.0 1159 0.1
-1-10 0-2-1 32.6 32.6 0.0
212 2-1-2 179.8 180.0 -0.2
212 0-2-1 96.4 96.5 -0.1
2-1-2 0-2-1 83.6 83.5 0.1
212 GPa (grain #2)
110 2-12 63.9 64.0 -0.1
110 201 324 32.6 -0.2
2-12 201 31.9 31.8 0.1
213 GPa (grain #3)
110 2-12 64.1 64.1 0.0
110 201 32.6 32.6 0.0
2-12 201 319 31.8 0.0
218 GPa (grain #4)
112 212 98.4 98.6 -0.2
112 -20-1 148.1 148.2 -0.1

Two datasets measured at 221GPa and 245 GPa, corresponding to Table 1 of the main text, are listed at the top of the table. angle,,, and angle,,. represent experiment and calculation values (°),

hikil; hokl> angless  anglecalc Diff.
112 20-1 51.5 51.3 0.2
212 -20-1 51.5 51.3 0.2
212 20-1 148.2 148.2 0.0
20-1 20-1 152.9 153.1 -0.2
223 GPa (grain #6)
110 210 120.0 1193 0.7
110 1-20 120.0 120.7 -0.7
110 -1-10 180.0 179.5 0.5
110 -20-1 147 4 146.3 1.1
110 021 32.7 32.4 03
110 201 32.6 331 -0.5
110 0-2-1 1473 148.1 -0.8
210 1-20 120.0 120.0 0.0
210 -1-10 60.0 60.2 -0.2
210 -20-1 32.7 32.6 0.1
210 021 90.0 89.7 03
210 201 1473 147.0 03
210 0-2-1 90.0 89.7 0.3
1-20 -1-10 60.0 59.8 0.2
1-20 -20-1 90.0 90.2 -0.2
1-20 021 1473 147.7 -0.4
1-20 201 90.0 90.4 -04
1-20 0-2-1 327 33.0 -0.3
-1-10 -20-1 32.6 332 -0.6
-1-10 021 147.3 147.2 0.1
-1-10 201 147.4 147.4 0.0
-1-10 0-2-1 32.7 322 0.5
-20-1 021 121.9 1213 0.6
-20-1 201 180.0 179.3 0.7
-20-1 0-2-1 58.1 58.0 0.1
021 201 58.1 58.2 -0.1
021 0-2-1 180.0 179.3 0.7
201 0-2-1 121.9 122.5 -0.6
232 GPa (grain #7)
103 0-13 58.8 58.7 0.1
103 -1-10 60.8 60.7 0.1
0-13 -1-10 119.5 1194 0.1
233 GPa (grain #8)
210 004 894 90.0 -0.6
210 1-1-3 1189 119.4 -0.5
004 1-1-3 145.9 145.5 0.4
243 GPa (grain #9)
110 1-22 115.5 115.8 -03
110 2-12 64.6 64.2 0.4
110 201 328 32.7 0.1
1-22 2-12 50.9 51.6 -0.7
1-22 201 829 833 -0.4
2-12 201 32.0 31.9 01

respectively. Diff. represents angle,,, minus angle.,.. Miller indexes belong to the /3 xa 2xc hexagonal supercell.
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Extended Data Table 2 | List of reflections indexed with hexagonal supercell from the other eight crystal grains

212 GPa (grain #1) 223 GPa (grain #6)
hkl dovs (A dear (A)  dobs dear hkl dobs (A)  dear () dobs dear
-1-10 1.4974 1.4968  0.0006 110 1.4865 1.4867 -0.0002
-110  1.4970 1.4968  0.0002 2210 14866 1.4867 -0.0001
2-12  1.3094 1.3090  0.0004 1-20 1.4871 1.4867 0.0004
-21-2  1.3087 1.3090 -0.0003 -1-10 1.4867 1.4867 0.0000
-20-1  1.2598 1.2604  -0.0006 02-1 12515 1.2513 0.0002
212 GPa (grain #2) -20-1 12513  1.2513 0.0000
hkl dops (A dear (A)  dobs= dear 0-21 12506 1.2513 -0.0007
110 1.4980 1.4980  0.0000 20-1 12519 1.2513 0.0006
2-12  1.3087 1.3087  0.0000 232 GPa (grain #7)
201 1.2596 1.2612  -0.0015 hkl dobs (A)  dear () dobs= dear
213 GPa (grain #3) 110 1.4796  1.4796 0.0000
hkl dops (A)  dear (A)  dobs= dear 103 1.4492  1.4498 -0.0006
110 1.4967 1.4967  0.0000 0-13 14504 1.4498 0.0006
2-12  1.3087 1.3087  0.0000 233 GPa (grain #8)
201 1.2603 1.2603  0.0000 hkl dobs (A)  deat () dobs= dear
218 GPa (grain #4) 210 14789 14771 0.0018
hkl dovs (A)  dear (A)  dobs= deai 004 1.3214  1.3207 0.0007
112 1.3075 1.3069  0.0006 1-1-3 14505 1.4505 0.0000
212 1.3063 1.3069 -0.0006 243 GPa (grain #9)
02-1 1.2573 1.2587 -0.0014 hkl dobs (A)  dear (A dobs= dear
0-2-1 1.2601 1.2587 0.0014 110 1.4698  1.4697 0.0001
1-22 12803 1.2808 -0.0005
2-12 12814 1.2808 0.0006
0-21 12365 1.2366 -0.0001

d,,s and d, represent the d-spacing values of observed and calculated reflections, respectively. Numbers in parenthesis are errors. For data which possess more than three Bragg peaks, errors

are the fitting errors from the software UnitCell*. For grain #2, #3, #7, and #8, unit cell parameters a and ¢ were calculated using the formula —

2 2 2
1 _Ah"+hk+k%) + LZ based on a single peak or
a

dhki 3a2

pairs of peaks. When there is more than one way to calculate one unit cell parameter, error is produced by taking the standard deviation of the calculated values from different combinations.
For grain #2, no error is shown since unit cell parameters were calculated using only 110 and 2 -12, because the dspacing of 2 O 1is considered not reliable (peak intensity is too weak).
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