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Raman spectroscopy of dense hydrogen and deuterium performed
to 325 GPa at 300 K reveals previously unidentified transitions.
Detailed analysis of the spectra from multiple experimental runs,
together with comparison with previous infrared and Raman mea-
surements, provides information on structural modifications of
hydrogen as a function of density through the I-llI-IV transition se-
quence, beginning near 200 GPa at 300 K. The data suggest that
the transition sequence at these temperatures proceeds by forma-
tion of disordered stacking of molecular and distorted layers. Weaker
spectral changes are observed at 250, 285, and 300 GPa, that are
characterized by discontinuities in pressure shifts of Raman fre-
quencies, and changes in intensities and linewidths. The results in-
dicate changes in structure and bonding, molecular orientational
order, and electronic structure of dense hydrogen at these condi-
tions. The data suggest the existence of new phases, either varia-
tions of phase IV, or altogether new structures.
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s element one, hydrogen has the simplest atomic structure,

but its phase diagram is among the most poorly under-
stood. Studying its physical properties under extreme pressure—
temperature conditions has been an important subject in con-
densed matter physics during the past few decades (1, 2). Important
advances have been made in studying the material experimentally
and theoretically up to multimegabar (e.g., 300 GPa) pressures.
Nevertheless, experiments are challenging because of difficulties
in crystal structure determination and technical limitations in
reaching a highly compressed state. Hydrogen has the smallest
electron-scattering cross-section among all elements, resulting
in extremely weak X-ray diffraction intensity for structure de-
termination. Furthermore, the small sample volume at ultrahigh
pressures provides an additional challenge for measurements of
various other properties. In addition, hydrogen embrittlement
causes failure in pressure confinement. Theoretically, the prob-
lem is particularly challenging because of the quantum dynamics
of the nuclei (2).

Three high-pressure phases of solid hydrogen and deuterium
exist to 200 GPa at or below room temperature. X-ray and
neutron diffraction identified phase I as having a hexagonal
close-packed structure; vibrational spectroscopy established that
the structure is molecular, consists of quantum rotors, and has a
wide pressure-temperature (P-T) range of stability. Phases II and
IIT were identified by Raman and infrared absorption measure-
ments, which currently are the most sensitive means for identifying
phase transitions of these materials at multimegabar pressures.
Recent advances in diamond anvil cell techniques have extended
measurements of hydrogen to pressures above 300 GPa and
temperatures above 300 K (3-9). Initial studies reported evidence
for an electrically conducting state at 220 GPa at 296 K (3) and
significant changes in optical and Raman spectra. The conduc-
tivity was reported to increase abruptly above 260 GPa and the
Raman spectrum to disappear at ~270 GPa, leading to the
conclusion that a fully metallic state had been reached. A sub-
sequent study to 315 GPa, also at room temperature, revealed

4792-4797 | PNAS | April 1,2014 | vol. 111 | no. 13

similar Raman spectroscopic features (4), which were used to
provide evidence for a transition to a new phase (phase IV). The
observation of two vibrons with significant frequency difference
has been explained as the result of a mixed-layered structure at
these P-T conditions composed of both weakly and strongly
interacting hydrogen molecules, consistent with the phase pre-
dicted computationally (10). Measurements of the infrared spectra
demonstrated that hydrogen remains transparent at photon ener-
gies down to 0.1 eV at pressures to 360 GPa from a low temper-
ature of 17 K (5) to 340 GPa at 230 K (7), i.e., in the phase fields
ascribed to phases III and IV. These results ruled out the claim of
a strongly reflecting metal at 270 GPa. These infrared measure-
ments, together with others in the mid-infrared range (higher
photon energy) also show that two groups of vibrons exist with
distinct P-T dependencies, confirming the finding from Raman
spectroscopy for two different bonding environments for the
hydrogen molecules in phase IV (7-9).

Important information about these transitions has been pro-
vided by recent theoretical calculations (10-21). Notably, the
type of structure constrained by vibrational spectroscopy for
phase IV was among the structures predicted by theory before
the experiments (10). These subsequent calculations predict that
the structure consists of graphene-structured, honeycomb sheets
and molecular interlayers. The molecular layers exhibit higher-
frequency vibrons from the stronger molecular bonding, and
the graphene sheets are predicted to have less strong bonding,
therefore corresponding to the lower-frequency vibron in the
vibrational spectra (10, 12-18). As for the question of metalliza-
tion, the infrared transparency at photon energies down to 0.1 eV
(5) rule out a transition to a fully metallic phase; however, phase
IV might be a very poor metal, with absorption below 0.1 eV (20,
21), perhaps above a particular range of P-T conditions.

Significance

Understanding the behavior of hydrogen under pressure has
been a major challenge in modern physics since the early days
of quantum mechanics. This paper reports new spectroscopic
measurements showing that hydrogen and deuterium trans-
form to complex molecular-based structures to pressures of
at least 325 GPa (3.25 megabars). These phases are based on
distorted graphene sheets of hydrogen molecules, a major sur-
prise in our understanding of this fundamental system at very
high densities. The results provide constraints for theoretical
calculations of structures, phase transitions, and electronic prop-
erties, including the transition to the predicted metallic state of
the solid at 300 K.
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These recent experimental and theoretical efforts have led to
new questions about the phase transitions and other physical
properties of hydrogen at these multimegabar pressures. The
mechanism of the transition to phase IV remains poorly con-
strained experimentally. There are apparent discrepancies among
experiments for the transition pressures and reported evidence for
spectral changes that are not understood or are controversial,
particularly weak spectral changes near 270 GPa, which tenta-
tively were identified as evidence of a possible new solid phase
(6) and the loss of the Raman vibron and the claim of strong
metallization (3). Despite the broad agreement between theory
and experiment that phase IV has a mixed-layer structure, the
detailed structure is not known, and numerous related lower
symmetry forms are possible but difficult to predict because of
small free energy differences and other challenges of the simu-
lations (9, 13, 14, 16, 17, 19-23). These theoretical studies also
predict other phases in the P-T range that currently is accessible.

Here we present Raman results that provide information
about dense solid hydrogen at multimegabar pressures. In par-
ticular, spectroscopic features at 300 K obtained from both iso-
topes provide evidence for the additional transitions at these
conditions. We clarify several outstanding issues and extend mea-
surements to higher pressures for both hydrogen and deuterium.
Implications of the transitions for structural and electronic changes
(including metallization) and their relation to the transitions at
low temperatures are discussed.

Results

Fig. 1 shows the evolution of the Raman spectrum for hydrogen
and deuterium to 300 K. There are distinct changes in the high-
frequency bands, or vibrons (coupled intramolecular stretches),
and their shifts provide important constraints on the state of
bonding, intermolecular interactions, and lattice symmetry. Changes
in the low-frequency spectra also are observed, and this region con-
tains information related to lattice phonons, librons, and rotons.
The Raman spectrum of vibrons in the region of the I-III-IV
transition is shown in Fig. 2. The pressure dependence of the v,
vibron for hydrogen changes dramatically at ~216 GPa (213 GPa
for D,); no measurable frequency discontinuity was detected at
this pressure. The peak width broadens at this pressure as well.
This observation is consistent with previously reported data (3,
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Fig. 1. Selected spectra of hydrogen (A) and deuterium (B) as a function of

pressure at 300 K. The region of the T,4 diamond Raman mode has been
removed for clarity (Supporting Information).
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Fig. 2. Hydrogen vibron spectra across the I-llI-IV transition. The weak

high-frequency vibron (v,) appeared at the transition as indicated by the
arrows. (Inset) Detail in the region of the higher frequency v, peak to higher
pressures (see Supporting Information).

4, 7) within reasonable pressure uncertainty. The change is close
to the extrapolated I-III boundary; it is important to point out,
however, that the pressure dependence of the band is signifi-
cantly larger than that of phase III, which has been studied ex-
tensively at lower temperatures (24, 25). A higher-frequency
vibron appears at that pressure as well, and it greatly increases in
relative intensity up to ~250 GPa (Fig. 2, Inset). This mode was
assigned as v, of phase IV (4).

Fig. 3 shows details of the Raman spectrum from selected runs
above 300 GPa for the two isotopes. At these higher pressures,
additional features (shoulders) develop, or the lineshape appears
to change for the stronger lower-frequency vibron band v, for both
isotopes. The overall band may be fitted with two components
(Supporting Information). Fig. 3 also shows a detail of selected low-
frequency Raman spectra. The most striking feature is an abrupt
intensity decrease for the lowest-frequency mode and a new peak
appearing near ~1,000 cm™" at almost the same pressure (~285
GPa) for hydrogen (Supporting Information). Above this pressure,
the intensity of the lowest-frequency mode changes and per-
sists to the highest pressure of this study, whereas the new peak
splits further at ~300 GPa. On the other hand, no intensity
change was observed in the lowest-frequency band in deuterium
at 285 GPa.

The pressure dependence of the vibron frequencies for hy-
drogen and deuterium at 300 K from multiple experimental runs
are plotted in Fig. 4, along with previously reported results over
a range of pressures (8, 9, 26). There is broad agreement with
trends in the pressure shifts reported previously for the pressure
dependence of the frequencies, although there also are some
significant differences. The pressure dependence for v; band
shows a slight slope change at 285 GPa, becoming almost flat after
300 GPa. Above 300 GPa and 310 GPa for hydrogen and deute-
rium, respectively, a weak feature appears on the high-frequency
side of the vy vibron (see Supporting Information). With increasing
pressure, the frequency of this feature steeply increases, whereas
the pressure slope of vy frequency is reduced further. Detailed in-
spection also reveals the evidence for weak changes in the slope of
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Fig. 3. Detail of Raman spectra of hydrogen and deuterium at the highest
pressures from selected runs.

v, near 285 GPa and 300 GPa in both isotopes (and near 250 GPa
in hydrogen).

The pressure dependence of the low-frequency bands is shown
in Fig. 5. The low-frequency spectra change near 250 and 285
GPa in both hydrogen and deuterium. In particular, there is
evidence for a change in the pressure dependence of the highest-
frequency phonons near 285 GPa. The low-frequency peaks
appearing at 285 GPa (~1,000 cm™" for hydrogen and ~850 cm™
for deuterium) split at 300 GPa and 310 GPa for H, and D,, re-
spectively. In deuterium, a new peak appears at ~850 cm™" and
splits at 310 GPa. On the other hand, as noted above, no intensity
change was observed in the lowest-frequency band in deuterium.

Discussion

I-II-IV Transition. Previously reported experiments (3-9) all imply
the same I-III-IV phase sequence at 300 K, although different
transition pressures and transition criteria are reported. Eremets
and Troyan (3) originally reported three Raman modes for hy-
drogen above 220 GPa at room temperature, including a low-
frequency peak at 304 cm™' and a high-frequency vibron at
~4,150 cm™. They attributed the appearance of these bands to
a transition to the metallic Cmca-12 phase. The same peaks were
found by Howie et al. (4) at 235 GPa and used to assign the
transition to phase IV. The lowest-frequency mode becomes
prominent in our spectra near 225 GPa and with a further in-
crease in pressure, exhibits a steady intensity increase and a slight
decrease in frequency for both isotopes (Fig. 5). Theoretical
calculations (15) indicate that this peak is a librational mode in
the graphene-like layer of the proposed structures.

The most prominent feature associated with the transition at
these temperatures is behavior of the strong Raman vibron (v;)
(3, 4). Early Raman measurements were carried out above 200
GPa at 300 K, but scatter in the data precluded identification of
a transition (27). Loubeyre et al. (9) reported a very small dis-
continuity in the pressure dependence of the v, vibron frequency
at 215 GPa. However, a large change in the pressure dependence
of the frequency similar to that reported by others was found at
237 GPa. In addition, the high-frequency vibron mode (v,) at-
tributed to phase IV (4) also appeared at this pressure. The v,
mode has been assigned to the vibron stretch molecules in a new
layer not present in the structure of phase III (10, 13, 14, 17).
Loubeyre et al. (9) questioned the previously assigned stability
region of phase III at 300 K, but the pressure offset of the results
of that study compared with the others suggests an overesti-
mation of the pressure. A correction of 20 GPa, for example, would
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bring the transition they reported at 237 GPa to 217 GPa, in
agreement with our data and reasonably consistent with the
other work. We emphasize that these pressures are all relative to
the diamond Raman scale used in these studies.

We considered the possibility that the transition might be to
a new phase near 216 GPa (e.g., III'). We note that the effect of
pressure on the temperature derivative of the v; frequency be-
comes negative at this pressure (Fig. 4: compare 100 K and 300 K
data). There is evidence for a discontinuity in frequency of the
principal Raman vibron across the III-IV transition. This dis-
continuity is P-T dependent, decreasing significantly with in-
creasing temperature (6). The phase thus is characterized by a
very steep pressure dependence of the vy vibron frequency, al-
most four times that of the established lower-temperature phase
III. If a high-temperature phase III’ exists, it must be closer in
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Fig. 4. Pressure dependence of Raman vibrons at 300 K. (4) Hydrogen.
Previous 300-K results from Howie et al. (4), Eremets and Troyan (3), and
Loubeyre et al. (9), as well as the low-temperature data from Loubeyre et al.
(37) and Goncharov et al. (28), are shown. (B) Deuterium. Previous results
from Hemley et al. (26, 38), Howie et al. (4), and Loubeyre et al. (9) are
shown. Spectral changes are evident at the indicated pressures. The error
bars for the data points above 300 GPa are estimated from the peak fit to
the background-subtracted spectra (Supporting Information).
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Fig. 5. Pressure dependences of the lower frequency for hydrogen Raman
frequencies (A) and deuterium (B). Previous results from Hemley et al. (38,
39), Howie et al. (4), and Goncharov et al. (15) are shown.

structure to phase III than phase IV, which is consistent with
detailed IR measurements at these conditions (7).

The feature identified as v, appears indicative of phase IV
(e.g., at 216 GPa). A question arises as to whether the very weak
high-frequency peak observed in phase III at 18 K and lower
pressures (28) is related to the phase IV v, vibron. If so, this
would suggest a possible relationship between the two phases.
However, the frequencies and intensities of the two bands are
distinct, and the features are observed in different P-T regions.
For example, vibron-libron combination Raman bands in phase
IIT must be ruled out. Nevertheless, a possible connection be-
tween the two phases should be explored with additional mea-
surements that would allow tracking of the behavior of the higher-
frequency feature documented in phase III up to the transition to
phase IV.

The above analysis leads to the proposition that the phase III
pressure interval at 300 K is narrow (~10 GPa), consistent with
the proximity to the proposed I-III-IV triple point (7). This
would indicate that the phase I-III transition at 300 K is close to
200-205 GPa (again, on the diamond Raman pressure scale).
We point out that the III-IV transition is observed more clearly
in IR than Raman measurements (7). By comparison, the I-1II
boundary is less well defined by both spectroscopies at these
temperatures. The results have implications for the mechanism
of the transition sequence from phase I to IV in this P-T range.
The III-IV transition may occur with the initial formation of
a few layers of weakly interacting molecules followed by the
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creation of ordered alternating layers before ultimately forming
a more well-defined structure (10). The thermodynamically sta-
ble phases must be ordered, but they might have a longer repeat
unit. In fact, recent theoretical calculations predict stability of
a doubled repeat unit having two types of distorted graphene-
structured layers (18). Even longer sequences are possible, but
given the low driving force near the transition, the molecular
sheets may occur initially as stacking faults.

Spectral Changes at 250, 285, and 300 GPa. Weaker spectral changes
are observed at higher pressure on room temperature compres-
sion. We first consider the behavior near 250 GPa. There might be
a change in pressure dependence of v; near that pressure (Fig. 4),
although the scatter and variations in frequencies from run to run
preclude identification of a definite change, which is consistent
with the scatter reported in previous studies (e.g., ref. 29). More-
over, there is no evidence within experimental error for changes in
v; for deuterium at that pressure (Fig. 4). However, the pres-
sure dependence of the lowest-frequency mode in that isotope
changes near 250 GPa, and there are variations in frequencies of
other low-frequency bands in that region (Fig. 5). Also, the in-
tensity of a higher-frequency phonon mode at ~1,050 cm™" at
250 GPa changes abruptly (Supporting Information), which is
consistent with that reported by Eremets and Troyan (3). There
also is evidence for weak changes in pressure dependence of the
frequency, linewidth, and intensity of v, near 250 GPa (Figs. 2
and 4 and Supporting Information).

Multiple runs show the same abrupt intensity decrease of the
lowest-frequency peak (initially at 308 cm™" in hydrogen), and
the new peak appearing around 1,000 cm™ at similar pressures
of ~285 GPa; above this pressure, the intensity of the lowest-
frequency mode changes but persists to the highest pressures,
whereas the new peak splits at ~300 GPa. The change in the low-
frequency spectra near 285 GPa for hydrogen also occurs in deu-
terium starting at the same pressure, with a new peak appearing at
~850 cm™" and splitting at 310 GPa. On the other hand, no in-
tensity changes were observed in the lowest-frequency band in
deuterium at 285 GPa.

The changes in low-frequency modes, as well as in the pressure
dependence of v, vibron frequency at 285 GPa, imply possible
structural changes at this pressure. A small change in slope of the
vy vibron frequency was reported previously at 275 GPa (6),
which the authors suggested as the indication of a transition to
a structurally related phase, which they called phase IV'. Be-
cause the spectral changes are not dramatic, this change is dis-
tinct from the claim in ref. 3 for a loss of Raman vibron spectrum
and the transition to a dark and electrically conducting phase
around that pressure. Peaks from the Raman vibrons and lower
frequency excitations persist through this pressure interval, al-
though we found evidence for an overall weakening of the spec-
trum in the lower-frequency region at these pressures (Supporting
Information).

Peak splitting in both principal vibron and low-frequency
modes above 300 GPa at 300 K indicates a possible transition at
these conditions. These spectral changes were not reported pre-
viously (4). The changes in both principal vibrons and lattice
modes for both isotopes indicate a new transition. Hydrogen and
deuterium exhibit similar changes on compression with respect
to possible discontinuities in the pressure dependence of vibrons
and lattice modes, although some of the pressures do not coincide.
We suggest that the differences might be the result of uncertain-
ties in the pressure determination. The differences in spectro-
scopic behavior of these two isotopes at these pressures are
discussed in detail elsewhere.

Complex Sequence of Transitions. The above analysis indicates that

several transitions may occur on compression of hydrogen and
deuterium at 300 K in the region previously identified as the
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stability field of phase IV. The overall similarities in the spectra
indicate variations in the structure of phase I'V. As such, these may
be identified tentatively as phases IV” (250 GPa), IV’ (~285 GPa),
and IV” (300 GPa). Alternatively, these might be truly distinct
phases (V, VI, VII, etc.), although they may not correspond to
structures predicted theoretically and identified with these
labels. As described above, vibrational spectroscopic data, to-
gether with density functional theory (DFT) computations, sug-
gest that phase IV is a mixed-layer structure, with honeycomb or
graphene-structured sheets separated by molecular H, layers
(14). First-principles classical molecular dynamics indicates that
the molecules in the H, layers are quantum rotators (17), and
even the graphene layers may be dynamic (18). As discussed be-
low, the structures may differ according to changes in rotational
ordering, weak structural distortions, and/or changes in electronic
structure (e.g., degree of band overlap). Indeed, we point out that
there may not be a unique, classical structure in view of potentially
large quantum fluctuations or fluxional behavior of hydrogen at
these conditions. Nevertheless, it is useful to examine these pos-
sibilities in terms of the expected Raman modes assuming classical
proposed structures.

An idealized, phase IV structure having space group symmetry
Pbcn has been proposed for the phase (14). Distortions of struc-
ture derived from this structure and having space groups P, and C,
have been proposed (14, 17). There are 48 Raman-active modes
for the Pbcn structure, 124, 12B,, 12B,,, and 12B3, modes, but it
is likely that only the A, modes have significant intensity, and the
majority of these modes may be weak and give rise to broadened
or barely observable peaks. In Pbcn, the interlayer molecules fill
two symmetrically distinct sites, so there would be two vibrons,
perhaps a closely spaced doublet. If one considers the same
structure but with rotating H, molecules in the interlayer, one
rotating molecule sits at the Wyckoff position 4a and contributes
no Raman modes other than its vibron; the other contributes
four Raman modes from the molecular motions, each with a
different symmetry (A4q, B1g, Bog, and Bs,), which would increase
the number of modes by two relative to the ordered Pbcn
structure without rotating molecules. However, a small distortion
of this structure brings it to the highly symmetric P6/mmm
structure, with graphene layers of hydrogen alternating with ro-
tating layers that are hexagonal nets. There are then only two
Raman-active modes: a single vibron in the molecular layers and
a doubly degenerate E», mode to the graphene layers. Because
the distortion of this structure is small, we expect to see only two
intense Raman modes, consistent with v, for the sheets and v, for
the molecular layers.

Fig. 6 compares the Raman vibron shifts with pressure for the
two isotopes, as well as the results of recent theoretical calcu-
lations for phase IV. The calculations are for the P, structure,
which is similar to Pbcn but with slight distortions of the gra-
phene-like layers. The calculated vibron frequencies for P, from
250 GPa to 370 GPa (15) are in qualitative agreement with ex-
periment. For example, the weak pressure dependence of the
calculated v, frequency from 300 GPa to 370 GPa is consistent
with the present results. There is a large mismatch in some fre-
quencies (e.g., for vy). The latter likely arises from strong
quantum anharmonicity that is not included in the calculations
and the fluxional character of the system as noted above, but it
also might be the result of detailed differences in structure be-
tween theory and experiment.

There are several candidates for the higher-pressure tran-
sitions. DFT calculations predict stability of the Cmca-4 struc-
ture at these conditions (13, 17, 30, 31). Interestingly, the Cmca-4
structure is predicted to have a very high superconducting 7. (32).
The phonons in the Cmca-4 structure are predicted to be signifi-
cantly softer than those in phase IV (14), which appears incon-
sistent with experiment. Another transition would be freezing of
the molecular rotations in phase IV, leading to a structure with
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Fig. 6. Comparison of experimental and theoretical Raman vibron frequencies
for dense hydrogen and deuterium. Experimental results at 300 K (26) and the-
oretical calculations for the static lattice of candidate structures (14) are shown.

puckered honeycomb sheets. It does not seem that this would
cause splitting of v; in the sheets, so this is not a good candidate
for the changes occurring near 300 GPa but may be associated
with the 285-GPa transition. If so, the higher-pressure changes
might be associated with the transition to Cmca-12 (10, 14).
Hybrid and van der Waals functional static lattice calculations
show Cmca-12 to be more stable than Cmca-4 (16). A third
possibility is metallization or even a metal-to-insulator transi-
tion with increasing pressure, as observed for the heavier alkalis
Na (33, 34) and Li (35).

As discussed above, theoretical calculations indicate that
phase IV can be conductive at the conditions studied here.
However, the predicted structures have only a small density of
states at the Fermi level (20, 21). No infrared absorption that is
clearly diagnostic of a metallic state has been observed at the
P-T conditions explored so far for the solid (7). The increase in
phonon linewidths at 285 GPa is consistent with the onset of
metallicity with the broadening caused by electron-phonon
scattering. It is possible that phase IV is metallic even when it
forms, as predicted by DFT, but the density of states may be too
small initially to affect phonon linewidths significantly, because
metallization occurs only at isolated pockets in the Brillouin
zone, or correlations and/or quantum and thermal disorder may
lead to localization and insulating behavior. Thus, the apparent
transition near 285 GPa may be associated with changes in, or
enhancement of, band overlap. If so, the transition might be
accompanied by an increase in electrical conductivity, although
we emphasize that hydrogen remains molecular and transparent
in the visible and near IR at these pressures and temperatures
(300 K). We suggest that spectral changes observed near 300 GPa
may arise from partial freezing of the rotations of the H, mole-
cules. It also is possible that this occurs together with some re-
construction to a phase having a different classical space group
(e.g., Cmca-12).
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Conclusions

Raman measurements provide information on the nature of
transitions to dense solid phases of hydrogen and deuterium to
325 GPa at 300 K. The transition to phase III at 300 K may
occur with the nucleation of a few layers of weakly interacting
molecules, with the creation of ordered alternating layers occur-
ring over a range of pressures, and the transitions may be higher
order. We observe changes in hydrogen at 300 K at pressures of
250, 285, and 300 GPa. The changes at 285 GPa suggest the
possible onset of metallicity that broadens the phonon linewidths
by electron—phonon scattering. The transition at 300 GPa may
represent a structural transition (e.g., phase V). The results in-
dicate the existence of changes in structure and bonding, mo-
lecular orientational order, and electronic structure of dense
hydrogen. Hydrogen could parallel the behavior of Li and Na,
which crystallize in complex phases and transitions near their
high-pressure melting minima. The behavior of hydrogen at these
conditions thus is more complex than expected and predicted by
theory. Continued experiments at higher pressures over a broad
range of temperature are needed to provide information on this
fundamental system under extreme conditions.
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SI Text

Samples were prepared using techniques similar to those de-
scribed in refs. 1 and 2. Fig. S1 shows representative diamond-
edge spectra used for pressure calibration (3-6). The zone-center
optical phonon Raman mode of diamond is triply degenerate
and remains a singlet under isotropic (hydrostatic) stress. Uni-
axial stress of the anvils in these geometries splits the 75, peak
into a doublet or triplet on the high-energy edge. These peaks
have different pressure (stress) dependences and have not been
calibrated at the high pressures of these experiments (7). The
intensity of this sharp peak is proportional to the size of the
sampled area in our experiments, and nonhydrostatic stresses
produce a steep edge in the high-energy end of the spectrum
with no peak. The anvil geometry and shape also affect the
pressure shift of the Raman peak (8). All experiments reported
here used the anvils with [100] crystal axis in the force-loading
direction and tip dimension parameters similar to those reported
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by others. Nevertheless, the pressure calibration discrepancy be-
tween this study and others cannot be avoided. Measurements
of the vibron frequency provide a consistency check among dif-
ferent studies (9).

Additional spectra are shown in the remaining figures. Fig. S2
shows the pressure dependence of vibron linewidth for hydrogen.
Linewidth of v; changed gradually with pressure, with an abrupt
increase at 216 GPa. A significant broadening after 285 GPa also
can be seen. Low-frequency Raman spectra are shown in Fig. S3.
Changes in phonon spectra at 250 GPa can be seen in the second
panel from the left. Around 285 GPa, both runs show similar
spectral changes. The lower intensity at this pressure appears to
recover and persists to the highest pressure, and a peak appears
at ~1,000 cm™" and further splits after ~300 GPa (Fig. 5). The
results of the fits of the vibron spectra for H, and D, at the
highest pressures are shown in Figs. S4 and S5.
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. Akahama Y, Kawamura H (2006) Pressure calibration of diamond anvil Raman gauge
to 310GPa. J Appl Phys 100:043516.
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Fig. S1. (Left) First-order diamond Raman spectra at different pressures. (Right) The intensity of the sharp peak at the high-frequency end of the spectra is
proportional to the sample size; the red and blue solid line spectra were collected from samples with diameters of ~5 pm and ~15 pm, respectively. The blue
dotted line spectrum was collected from the gasket portion near the hole edge, and no sharp high- frequency peak is observed because of inhomogeneous,
nonhydrostatic stresses. (Inset) The red solid line spectrum is collected from the anvil with [100] crystal axis in the loading direction; the red dashed line
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Fig. S5. Fitting results in the high-frequency vibron region of deuterium.
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