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Hydrogen is expected to display remarkable properties under extreme pressures and temperatures stemming
from its low mass and thus propensity to quantum phenomena. Exploring such phenomena remains very chal-
lenging even though there was a tremendous technical progress both in experimental and theoretical techniques
since the last comprehensive review (McMahon et al.) was published in 2012. Raman and optical spectroscopy
experiments including infrared have been extended to cover a broad range of pressures and temperatures (P-T)
probing phase stability and optical properties at these conditions. Novel pulsed laser heating and toroidal dia-
mond anvil techniques together with diamond anvil protecting layers drastically improved the capabilities of
static compression methods. The electrical conductivity measurements have been also performed to much higher
than previously pressures and extended to low temperatures. The dynamic compression techniques have been
dramatically improved recently enabling ramp isentropic compression that allows probing a wide range of P-T
thermodynamic pathways. In addition, new theoretical methods have been developed beyond a common DFT
theory, which make them predictive and in better agreement with experiments. With the development of new
theoretical and experimental tools and sample loading methods, the quest for metallic hydrogen accelerated re-
cently delivering a wealth of new data, which are reviewed here.
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Introduction

Hydrogen is a fascinating material possessing the unique
properties owing to its unique position as the element one in
the Periodic Table. Since it is the most spread element in the
Universe, the physical and chemical properties of hydrogen
at extremes are of great interest for planetary science. It is
also the most simple element, for which the quantum me-
chanics problems can be solved exactly [1]. Based on its
position as the group one element it should be metal but
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because there are only two electrons in the first electronic
shell, hydrogen is also a halogen forming a diatomic mole-
cule at ambient conditions. Unlike other simple molecular
material, quite a high pressure likely in excess of 5 Mbar
(500 GPa) is needed to make a monoatomic configuration
of hydrogen stable. No matter, how high this value occurs
to us, this pressure is a small fraction of the atomic unit of
pressure  Ep/ag® = 2.9421912-10" Pa=29.422 GPa=
=29.422 TPa = 294 Mbar, which corresponds to a substan-
tial perturbation of the electronic atomic levels. These con-
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siderations make the study of hydrogen at very high-
pressure fundamental for our understanding of chemical
bonding in materials. In this regard, the metallization of
hydrogen and related to this possible superconductivity and
superfluidity is of particular interest [2,3]. Initially predict-
ed in a solid state by Wigner and Huntington in 1935 at 25
GPa [4], it remains the Holy Grail for the high-pressure
studies until now. Although there is no doubt that hydro-
gen metallizes and eventually transforms into a monatomic
metal at high pressure, the transformation pathway and the
intermediate phases remain enigmatic for both theory and
experiment. It is much clearer for metallization of fluid
hydrogen, but the existing data are largely contradictory,
justifying further investigations.

In this paper, | overview the research progress in investi-
gations of hydrogen a very high pressures since the last com-
prehensive review [1]. Other more specialized review articles
are devoted to diamond anvil cell (DAC) experiments [5] and
public debates on metallic hydrogen at the AIRAPT-26
Meeting (2017) in Beijing [6]. | will start this review from
recent technical developments enabling the research progress
in experiment in theory, which described after.

Technical developments

Theory. Density functional theory (DFT) calculations,
which become the major tool for the materials research now
and are adequate in the vast majority of the cases including
the structural predictions (e.g., Ref. 7), are insufficient for
hydrogen at high pressure. This has been demonstrated both
for determinations of the stable solid phase stability as well
as in exploring extreme high pressure-temperature (P-T)
conditions. For choosing the most stable crystal structures,
one needs very accurate calculations with an energy resolu-
tion of a few meV per atom (e.g., Ref. 8). This level of accu-
racy for hydrogen structures cannot be provided by DFT as
evidenced by calculations with different exchange correla-
tion functions and because of disagreements with the exper-
iments concerning the most stable structure, which results in
incorrect description of metallization pressure [8]. The dif-
fusion quantum Monte Carlo (QMC) method [9] is more
accurate for such studies [10,11], which has been recently
demonstrated for structural studies of hydrogen at high pres-
sures (see below). Moreover, the small mass of H atom and
weak interatomic bonding at high pressures results in the
requirement of a full treatment of quantum nuclear vibra-
tional motion, which was performed using a DFT-based
vibrational self-consistent field approach [12] to calculate
anharmonic vibrational energies, which are essential in eval-
uating the lattice energy and, thus, the structural stability.

Nuclear quantum fluctuations are also important for un-
derstanding of the phase diagram of hydrogen (Fig. 1) in
the regime of orientational ordering, where strong isotope
effects have been documented (see Ref. 13 and Refs. there-
in). By combining DFT with a path-integral molecular dy-
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namics (PIMD) these quantum effects can be at least quali-
tatively understood [13-15].

Going beyond the classical DFT methods is also im-
portant for understanding the liquid-liquid transition in hy-
drogen, where newly developed coupled electron-ion Monte
Carlo (CEIMC) simulations provide the most adequate de-
scription of the process of molecular dissociation [16,17].

Experiment. Technical challenges related to static com-
pression of hydrogen are two-fold [5]. (i) Hydrogen is very
compressible making it hard to squeeze employing incom-
pressible materials of DAC, for example rhenium gasket.
(ii) Hydrogen is highly diffusive and tends to penetrate and
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Fig. 1. (Color online) Phase diagram of hydrogen at high pressures
and various temperatures. The solid dark blue lines are the phase
lines between the solid molecular phases and the melt line from
Refs. 33-35 and the dashed line is the extrapolation of the melt
line to higher pressures. An alternative and substantially different
set of measurements of the melt line by Zha et al. [36] is depicted
by open green circles and solid green lines. A solid pink square
corresponds to an IR bandgap closure reported by Loubeyre et al.
[21]. A vertical dashed pink line is a proposed associated phase line
between a semiconducting and semi(metallic) molecular phase also
probed via the electrical conductivity by Eremets et al. [24]. A
hypothetic transition to an atomic metallic phase is shown by an
orange box. At higher pressure theory predicts an atomic metallic
phase with a declining melt line shown by a solid blue line [37].
At high temperature, the experiments and theory show two almost
parallel boundaries corresponding to a transition into a semicon-
ducting state (dashed blue line) and insulator-metal transition
(solid red line). These have been measured by direct and indirect
DAC and dynamic compression techniques [38-45]. Green sym-
bols correspond to the DAC reflectance measurements in a pulsed
laser-heated DAC [46,47], which disagree with other DAC pulsed
laser heating reflectance experiments shown by open orange cir-
cles [29]. Open black squares are from laser shocks [43], open
pink circles are from laser-driven ramp compression [42], and
grey diamonds are the Z-machine dynamic data [41], which were
temperature corrected in Ref. 42.
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react with the DAC materials causing premature breakage,
especially at high temperatures. Since 2013 [5], the DAC
technology has made another leap, at least partially over-
coming the above-mentioned issues and thus enabling stat-
ic experiments beyond 400 GPa.

Toroidal diamond anvils have been designed and realized
in static experiments [18,19] yielding much higher pressures
than can be normally achieved with the beveled DAC. The
advantage of this geometry compared to previously report-
ed double-stage anvils [20] is better compatibility with a
variety of different samples including gas loaded such as
hydrogen [21]. Recently pressures in excess of 425 GPa
have been reached with hydrogen at 80 K [20,21]. While
even higher pressures have been reported in experiments
using conventional beveled anvils [23,24], the toroidal DAC
appears to have an important advantage in the capability to
perform experiments both on compression and decompres-
sion. Moreover, the true pressure reached in these ultrahigh-
pressure experiments depends strongly on the pressure me-
trology, which remains challenging often producing incon-
sistent results [25-27].

A variety of methods has been used to reduce the proba-
bility of premature anvil failure due to hydrogen diffusion. It
includes a combination of anvil fine polishing, annealing,
and coating by various materials mainly Au (very thin layer)
and alumina [23,28,29]. Use of pulsed laser heating tech-
niques combined with spectroscopy (e.g. Ref. 30) enabled
investigations of liquid states of hydrogen and other mate-
rials [29,31,32].

Phase transitions in solid molecular phases
at low temperatures

At low to moderate pressures, molecular diatomic hydro-
gen has two major phases. Phase | is a plastic crystal-
forming an hcp lattice of freely rotating Hyp molecules. At
room temperature, this phase is stable up to 200 GPa. At low
temperatures, where the rotations become hindered, the
molecules tend to order forming phase Il (known also as a
broken symmetry phase), and pressure stabilizes the order-
ing as the anisotropic interactions increase with pressure.
However, the P-T conditions of stability and even the phase
symmetry strongly depend on the rotational state of the mol-
ecule described via the rotational molecular angular momen-
tum J related to the molecular nuclear spin Iy through the
symmetry considerations [48]. For hydrogen molecule with
two protons with spin 1/2 each, there are two forms of H;
molecule: parahydrogen (p) with antisymmetric nuclear spin
functions and hence symmetric rotational wave functions,
and vice versa for orthohydrogen (o). Orthohydrogen with
elongated dumbbell-shaped molecules forms an orienta-
tionally ordered Pa3 structure at 0 GPa (where the domi-
nated quadrupolar interactions are minimized), however
the orientation ordering transition shifts too much higher
pressures for spherical parahydrogen and the character of
the ordering changes. For deuterium, the ortho-para no-
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menclature is the opposite for the molecular shapes as the
nuclear spin is different (Iy =1 vs 1/2 in Hy). Because of
technical problems, the majority of high-pressure experi-
ments on Hy and Dy are performed on the samples with a
natural equilibrium or close to equilibrium concentration of
ortho- and para-species, making the interpretation more dif-
ficult. The I-I1 phase lines for these close to normal (n) H»
and Dy are shifted to lower pressure compared to pure p-
H> and 0-Dg; the lattice symmetry is believed to be close
to hcp, but the exact crystal structure is unknown. It is re-
markable that HD molecules, where spin symmetry rules
are relaxed and there is no o-p distinction, show an inter-
esting reentrance behavior for phase 1l, where an
orientationally ordered phase Il transforms to a rotationally
disordered phase | on cooling [49-51]. This can be qualita-
tively understood as due to the higher entropy of the broken
symmetry phase of HD due to a equivalence of H and D.

Theoretical treatment of phase Il is very complex, as it
should include nuclear quantum motions and exchange
contributions. The most recent DFT calculations [8,52,53]
suggest P63/m and P21/c-24 structures for phase Il, with
the latter one being slightly more stable and in a better
agreement with the experimental Raman and IR spectra.
QMC calculations and also an inclusion of anharmonic
zero-point motion (ZP) support the stability of P21/c struc-
ture [8]. However, the nuclear quantum fluctuations and o-p
distinction are not a part of these theoretical calculations.
In the most recent attempt to include the nuclear quantum
motion, DFT treatment of " electrons was combined with a
path integral molecular dynamics [13]. The results suggest
a prediction of a clear distinction of phase Il in Hy and D,
where Dy forms an orientationally ordered structure, while
H> remains a “quantum fluxional solid” [54] in the sense
that the molecules remain very large asymmetric angular
quantum fluctuations. This result is somewhat in odd with
the previous similar calculations [14], where a quantum
localization, which means in this case restrictions of rota-
tions in certain directions, has been reported.

The experiments on phase Il are very scarce concerning
the structural information; neutron and x-ray diffraction
(XRD) experiments suggest an additional incommensurate
order in the a direction in Dy [55], which is broadly con-
sistent with additional Raman peaks observed in phase Il of
D, and interpreted as due to a superstructure [56]. Raman
and IR spectroscopy remain the major tools in probing
hydrogen at very high pressures. A recent Raman investiga-
tion claims the existence of a second phase Il in D, based on
a change with pressure in a character of an anomaly in the
temperature dependence of the Raman intramolecular stretch-
ing mode (vibron) related to the I1-I transition [57]. This has
been noticed also in the previous measurements [33] and
was interpreted as a change in sign in the vibron shift at the
transition. The existence of the second phase Il in D, was
criticized [58] based on the data insufficiency to support
the change in symmetry. The definitive answer to this dis-
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cussion requires high-quality single-crystal XRD data, the
technique, which has been enormously progressed recently
for the DAC research (e.g., Ref. 59). Vibrational spectra of
phase Il of Hy remain scarcely studied. As in Dy, the 1-II
transition in n- and p- Hy is manifested by the appearance of
additional low-frequency bands [56,57,60], interpreted as
librons (lattice phonons derived from restricted rotational
motion), which supplant the rotons (free molecular rota-
tions) of phase |. However, the rotons (which split) and
librons coexist in phase Il of Hy and Dy [56,57,60]. This
complex vibrational behavior still needs to be explained in
future investigations.

Phase Il of hydrogen (known also as H-A phase) is a
high-pressure phase which occurs above approximately
160 GPa in both Hy and Dy. Owing to the vibrational spec-
tra, which are rich for the pressure-dependent libron modes
and have no rotons, and nearly no isotope effect on the criti-
cal pressure, this phase has been understood as a classical
orientationally ordered one, where the ordering objects are
the molecules themselves [61]. This justifies the use of
DFT as the first approximation in the structural search for
phase 111, where XRD data remain very limited and insuf-
ficient for the complete structural determination [62,63].
Pickard and Needs [52] found that a monoclinic structure
C2/c-24 provides a good match to the experimental vibra-
tional data for phase Il and is the lowest-enthalpy phase
over the pressure range, where phase 111 is observed (160—
300 GPa). However, the calculated XRD of C2/c Hj is
largely inconsistent with the observations that show that
phase 11l has a lattice of molecular centers, which is close
to hcp [62,63]. In a more recent DFT calculations, where
the effects of nuclear quantum and thermal vibrations are
incorporated, it has been found that another (hexagonal)
and also layered P6,22-36 structure is more stable than C2/c
below about 200 GPa. XRD of P6122 structure is more
consistent with hcp lattice [64]. The C2/c and P6122 struc-
tures are similar in molecular stacking but P6122 has a larg-
er number of layers in the unit cell. Recent Raman investiga-
tion beyond 300 GPa [62] reported a change in slope and
splitting of the low-frequency librons, interpreted as a struc-
tural phase transition. These results are not inconsistent with
the previously published Raman and IR data [65-67], where
no phase transition was reported in this pressure range.
Moreover, the stability of phase 111 up to higher pressures of
360 GPa [67], 440 GPa [24], 425 GPa [21] has been report-
ed. A new low-temperature phase evidenced via an abrupt
change in the IR vibron spectra (a signature band of phase
I11) at 356 GPa [68] has not been confirmed by other stud-
ies. A major change in electrical conductivity and optical
properties have been reported at 360 GPa [24] and 425 GPa
[21] as will be described below.

Phase transitions in solid phases at room temperature

Phase IV of hydrogen encounter at room temperature
above 220 GPa [28,69] was a surprise, as DFT theory did
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not predict the stability of the hydrogen phase with such a
great distinction in the vibron frequencies. A Pbcn struc-
ture with the molecular arrangement, where there are mo-
lecular layers of two kinds: weakly bound hexagonal, and
strongly bound graphene-like was predicted by Pickard and
Needs [52], but it was found metastable. Instead, DFT the-
ory predicts the stability of a metallic Cmca-12 and Cmca-
4 with a single kind of molecules. However, QMC theory
[8,70] reranks the phase stability promoting semiconduct-
ing C2/c-24 (phase 111) and Pc-48 (phase 1V). As we men-
tioned above, P6122 structure was found slightly more
stable than C2/c below 200 GPa [64].

Phase IV with a very unusual molecular structure
(coined as a mixed molecular and atomic [69]) was a focus
of many experimental and theoretical investigations aiming
to understand better the structure and dynamics of this phase
that was thought to be a precursor of molecular dissociation.
Indeed, there are a number of interesting phenomena ob-
served in phase 1V under pressure. The Raman vibron in the
graphene layers dramatically softens and broadens suggest-
ing the approaching molecular instability [69,71]. A reduced
isotope effect evidence for significant anharmonic and quan-
tum effects, which increase with pressure [71]. The absorp-
tion edge is quite broad and it is redshifted with pressure
[69,71,72]. Molecular dynamics calculations [71,73-75]
have been used to understand the nature of the quantum ef-
fects and possible diffusive motion of the atoms. The results
of different investigations are somewhat contradictory, how-
ever a large proton motion has been confirmed that show
that the structure of phase IV is highly dynamic. The atoms
in the elongated molecules of the graphene-like layer show a
diffusive motion, which can be viewed as the rotation of a
three-molecule ring and an even long-range atomic migra-
tion. This can cause a change in the chemical bonds loca-
tion, which migrate with time, yet preserving the local lat-
tice symmetry at each time. These unusual lattice dynamics
must result in modified structural and vibrational charac-
teristics that are different from an ideal diffusionless struc-
ture [74]. The number of the observed Raman and IR
modes is much less than predicted for the best theoretical
Pc-48 structure [70,76], which can be tentatively explained
by the peak broadening and merging with the stronger
bands. Intermolecular coupling is greatly modified in phase
IV compared to phases | and I11 and becomes highly hetero-
geneous between weekly and strongly bound molecular lay-
ers. It is much stronger in the graphene-like layer and contin-
ues to increase with pressure as it has been deduced from
simultaneous Raman and IR measurements [22] (cf. Ref. 77).

A number of Raman, IR, and optical spectroscopy ex-
periments at room temperature have been reported to high-
er pressures up to 388 GPa [78,79] that show that the spec-
tra of phase IV evolve under pressure suggesting that some
additional structural transformations might occur. Phase 1V’
was proposed to appear above 275 GPa in Hy based on a
change in pressure slope of the Raman vibron frequency in
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the graphene layer v1 and the bandgap, and other minor
spectral changes [72]. However, these changes are too sub-
tle to signify significant structural changes. Zha et al. re-
ported a splitting of the main Raman vibron and some oth-
er minor changes in Raman intensity of the low-frequency
modes [79], which again cannot be a definitive proof of a
proposed structural transition (to phase V). In a subsequent
Raman investigation [78], a structural transition to phase V
was claimed at 325 GPa in Hy based on a number of spectral
changes that include disappearance of the low-frequency
libron modes (L, and L3), change in slope of the main Ra-
man vibron, and a broadening of the lowest-frequency
weakly pressure-dependent mode Lj. The behavior of the
latter one corresponding to a collective rotation of a ring of
three weakly bound Ha molecules in the graphene-like layer
[71,76] is of special interest. This mode and the vibron v1
are the signature modes of phase IV that clearly manifest the
existence of weakly bound molecules even though they can
be extremely short-lived. Their disappearance would signal
molecular dissociation for example into the Ibam structure,
in which the weakly bound layer is truly graphene-like with
all equal interatomic distances. Phase 1V can be considered
as the dynamically Peierls-distorted [80] Ibam structure.
Remarkably, Ibam structure is dynamically unstable in har-
monic approximation but stabilizes via anharmonic vibra-
tions and it is energetically competitive [70]. Reported in
Refs. 78,79, decrease in intensity of the Raman libron modes
and change in the pressure slope of the vi mode do not sig-
nify a structural transition nor molecular dissociation of
phase IV. Indeed, the Raman frequencies and intensities can
be renormalized due to the mode coupling of the same
symmetry. In this regard, one should note that the Raman
intensities and their change depend on the proximity in en-
ergy of the coupled modes, which changes under pressure
due to strong pressure dependencies of the frequencies of
some modes (e.g., v1). Some of the observations of the in-
tensity redistributions of the libron modes under pressure
[72,78] can be explained by the pressure-dependent mode
coupling [71], while other observations (e.g., v1 and L line
broadening) may stem from the tendency of the phase IV to
transform to the Ibam structure, where one expects much
less Raman activity and strongly damped optical phonons.
The most recent theoretical investigations including QMC
calculations suggested another mixed layered monoclinic
Pca2; structure as a possible phase V, however, the argu-
ments for its existence and matching with the experiment
are not definitive [70].

XRD could be thought to immediately address the
structural uncertainties described above concerning phases
Il, 11, and IV. However, the most direct XRD technique
can only detect the averaged overtime structure. Thus, the
results for highly dynamic but yet quantum or locally or-
dered phases Il and IV [50,62,63] should be considered
with caution. Moreover, the available XRD data do not
represent the results of a full single-crystal collection and
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analysis, and instead determine only the d-spacings [81].
Thus, the Raman and IR spectroscopy methods, which
probe the chemical bonds and local order directly, remain
crucial for exploring hydrogen at high pressures [22].
Whether hydrogen in phase IV (or V) transforms to a
molecular (e.g., Cmca-4), mixed (e.g., Ibam), or monatom-
ic (e.g., 141/amd [10,11]) solid or even liquid [37] at room
temperature on the further compression at room tempera-
ture remains uncertain. While molecular or mixed solid
phases are the most plausible candidates for the solid [37]
and are likely metallic, the liquid monatomic liquid is defi-
nitely metallic. The melting curve of hydrogen has been
shown to turn over at about 80 GPa, and it stays below
700 K above 200 GPa (Fig. 1) [34,36]; no DAC experi-
ments on melting have been reported above 300 GPa. The
DAC experiments in this regime might be quite challeng-
ing for the years to come, while dynamic ramp compres-
sion experiments using either electromagnetic (Z-machine)
or laser-driven compression can probe P-T range slightly
above room temperature and pressures in access of
300 GPa [41,42]. The latter experiments showed an abrupt
change in the optical properties above 300 GPa [41] and
200 GPa [42], interpreted as the insulator to metal transi-
tion. The reason of such a disparity in pressure is likely
due to different temperature conditions in these experi-
ments; the temperate was not measured but rather inferred
from the theoretical equation of state. Celliers et al. [42]
suggested that temperatures were overestimated in the ex-
periments of Knudson et al. [41], making the results of
these experiments to match better; however, this tempera-
ture correction was debated [82,83]. In this regime, the
plasma transition line is expected to be very close to the
declining with pressure melting line [34,36,84] (Fig. 1).
These lines should merge in a triple point, above which
solid expected to melt into metallic liquid. At these condi-
tions, only theory could currently be used to assess melt-
ing. Chen et al. [37] explored this regime in their PIMD
calculations and found a further decline of the melting line
suggesting that liquid hydrogen can be the ground state
above 900 GPa. However, Geng et al. [85] found yet an-
other solid atomic phase giving rise to the increased melt-
ing line above 2 TPa. Moreover, the calculations show the
existence of a novel supersolid state at 1-1.5 TPa at elevat-
ed temperatures, where protons show a largely increased
diffusivity while preserving the positioning order [15].

Insulator to metal transition in solid

Recently there were several experimental reports about
accessing the metallic states of hydrogen in DAC at low
temperatures (< 100 K) [21,23,24]. These experiments are
very challenging in reaching the pressure range needed and
probing the material at these conditions. Dias and Silvera
[23] reported the optical reflectance of hydrogen at
495 GPa using four laser wavelengths in the spectral range
of 0.75 and 3.1 eV. However, these experiments lack credi-
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bility in many aspects including continuity of the results
with those at lower pressure, pressure metrology, lack of
the sample presence test in the DAC, lack of the energy
loss calibration through the diamond anvils, inconsistency
between the sample visual observations and the reflectance
spectra with the documented previously diamond absorp-
tion among other less important [6,25,26,86,87]. Overall,
Dias and Silvera’s paper provides no valuable information
about hydrogen metallization and no reliable characteriza-
tion of the metallic phase [23]. Instead, Eremets et al. [24],
and Loubeyre et al. [21] present useful and reliable data on
the electrical and optical conductivity of hydrogen up to
480 GPa, which show that phase Ill of hydrogen experi-
ences a bandgap narrowing and a possible closure. Optical
probing below 0.1 eV would be required to understand
possible interactions between the valence and conduction
bands [88,89]. The optical [21] and electrical conductivity
[24] experiments can be likely reconciled assuming that
hydrogen experiences indirect bandgap closure above
400 GPa, which is broadly consistent with the theoretical
calculations [90].

Insulator to metal transition in liquid

Concomitantly to the loss of molecular character and
metallization of hydrogen in the solid-state one would ex-
pect a substantial change in the chemical bonding in the
liquid state, which could be manifested as an abrupt liquid—
liquid transition as in the case of phosphorous, for example
[91]. The evolution of properties of the liquid with pressure
represents a central question in the phase diagram of hydro-
gen where an atomic liquid metallic hydrogen is even ex-
pected to be a ground state at very high pressure (see above).
The liquid-liquid phase transition in fluid hydrogen was
predicted theoretically below a certain critical temperature
[92-94], but the location of the critical point and the phase
line varied depending on the level and type of calculations
[95-99]. The CEIMC calculations [16] suggest that the
dissociation and metallization transitions coincide (c.f.
Ref. 100), and the critical point is located near 80-170 GPa
and 1600-3000 K.

Dynamic compression experiments, which explore a va-
riety of P—T pathways, agree on the existence of the metal-
lic states detected via electrical, optical, and density meas-
urements [41-45,101], while there are inconsistencies at
low temperatures [41,42]. DAC experiments combined
with laser heating probing relatively low-temperature fluid
states have also yielded controversial results on the elec-
tronic properties of hydrogen and the location of the phase
lines [32,38-40,46,47]. The difficulty of interpreting these
optical DAC experiments is due to indirect probing of the
state of hydrogen [38,39], or detection of reflectance sig-
nals superimposed with those of other materials in the
DAC cavity and interpreted assuming a-priori a direct
transformation from insulator to metal [32,46,47]. The
latter results, reporting transient reflectance and transmis-
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sion at a few laser wavelengths, have been found incon-
sistent with the proposed IMT, while an indirect transfor-
mation via intermediate-conductivity states is a plausible
alternative [17,40-42,44,102]. One of the major drawbacks
of the majority of preceding dynamic and static experiments
is an extreme paucity of robust spectroscopic observations,
which are critical for assessing the material electronic proper-
ties. Recently, Jiang et al. [29] reported the reflectance in-
creasing rapidly with decreasing photon energy indicating
free-electron metallic behavior with a plasma edge in the
visible spectral range at high temperatures. They find the P-T
conditions of the IMT close to those reported in shock wave
experiments. The reflectance spectra suggest much longer
electronic collision time (>1fs) than previously inferred,
implying that metallic hydrogen at the conditions studied is
not in the regime of saturated conductivity (Mott-loffe-
Regel limit). The emerging phase diagram (Fig. 1) suggests
the existence of a semiconducting intermediate fluid hydro-
gen state.

Conclusions and outlook

In this brief review, we showed that studies of hydrogen
at extreme conditions have been rapidly progressed in the
recent five years or so. New theoretical methods have been
developed beyond a common DFT theory, which makes
the theoretical calculations much more predictive and in a
better agreement with the experiments. Both dynamic and
static experiments have been developed to overcome pre-
viously experienced challenges. Dynamic ramp compres-
sion experiments can now probe much lower (compared to
shock compression) temperature conditions reaching P-T
conditions of static DAC experiments. DAC experiments
on hydrogen have been extended to previously unattainable
P-T conditions: almost up to 500 GPa and up to 4000 K.
As the result of combined theoretical and experimental
investigations, a new phase diagram of hydrogen emerges
making a good guidance for future investigations of the
predicted magnificent pronerties.
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dasoBa giarpama BOAHIO NpU ekCcTpeMasibHUX
3HaYEeHHAX TUCKY Ta Temneparypu;
HOBITHI AaHi 2019 p.

O. NoH4yapos

OuiKyeThCs, 0 BOAEHD NPOSIBISIE AY)KE LiKaBi BIACTHUBOCTI
IPH €KCTPEMaIbHUX 3HAYCHHAX THCKY Ta TEMIepaTypH, siKi 00y-
MOBJIEH] 1OT0 HHU3BKOIO MACOI0 Ta, BHACIIIOK IIbOI0, CXUJIBHICTIO
JI0 KBAaHTOBMX e(eKkTiB. BUBUCHHS Takux SBHUI 3aJIUIIAETHCS
Jy’e CKJIAHOI0 3a1ayelo, He 3BaXKAIOUM Ha BEJIMYE3HHMI TEXHId-
HUH NIPOTPEC, NOCATHYTUH SIK B €KCIICPHUMEHTAIIBHUX, TaK 1 B T€O-
PETHYHHX METOJaX, 3 MOMEHTY ITyOIiKallii OCTaHHBOrO BCEOITHOTO
orimsiay (McMahon et al.) y 2012 poui. ExcriepumenTr 3 KoM0i-
HAaI[IfHOT Ta ONTHYHOI CIIEKTPOCKOMIi, SIKi BKIIOYAIOTh 1H(padep-
BOHY, 0YJI0 PO3IIUPEHO, 11100 OXOMUTH LIMPOKHIA iaria30H 3HaYEHb
THUCKY Ta TemrepaTypd. HoBi MeToau iMIIyJIBCHOTO JIa3epHOTO
HarpiBy Ta TOPOifAJIBHOI alMa3HOl HaKOBaJbHI Pa3oM i3 3aXHMCHHU-
MU HIapaMH 3HAUYHO MOKPAIIMIM MOXJIMBOCTI CTAaTHYHOTO CTHCKY.
Bys0 Takok NMpOBEIEHO BHMIPIOBaHHS €IEKTPOIPOBIIHOCTI IPH
HabaraTo OUTHPIIMX 3HAYCHHSAX TUCKY, HIK MOMEpENHi, Ta MOIIU-
peHo Ha HM3bKi Temmeparypu. KpimM Toro, MeToau AWHAMI4HOTO
CTHCKY OyIIM 3HAYHO TOKpAaIIeHi, OLTbIe Opi€eHTOBaHI Ha 130€HT-
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pormiiiHe CTHCHEHHS, LI0 JAJI0 MOXJIMBICTH JOCHIANTH IIUPOKUIL
CIEKTP TepMOIMHAMIUHUX cTaHiB P—T. OcTaHHIM YacoM 3 pO3BHU-
TKOM HOBHX €KCIIEPUMEHTAIFHUX IHCTPYMEHTIB Ta METO/IIB 3aBa-
HTaXEHHS 3pa3KiB IPUCKOPUBCS MOIIYK METAJIIYHOTO BOJAHIO, IO
JIO3BOJIMIIO OTpUMAaTH Oe3Jid pO3rIHYTHX y LiH poOOTi HOBHX

JTaHUX.

Kitro4oBi ciioBa: BoJeHb, EKCTPEMAIbHO BHCOKI 3HAYCHHS TUCKY,
TBepaa (asa BOIHIO, IUIA3MEHHUIT ITepexi, MeTaliyHuil BOJCHb.

dasoBasi guarpamma Bogopoaa npu aKCTpemaribHbIX
3Ha4YeHMAX AaBreHusa 1 TemnepaTyphl;
HoBeLwmne aaHHble 2019 r.

A. lNoH4apoB

OskupaaeTcs, YTO BOAOPO MPOSBIISIET 3aMeyaTeIbHbIe CBOHCTBA
TIPU SKCTPEMAJBHBIX JJABJICHUSIX U TEMIepaTypax, 00yCIOBICHHBIX
€ro HU3KOM Maccoil U, CIe10BaTeNbHO, CKIIOHHOCTBIO K KBAHTOBBIM
a¢dekram. M3yuenne Takux sBICHHH OCTACTCS OYEHb CIOXKHOM
3ajauyell, HECMOTPSl HA OTPOMHBIM TEXHUYECKUH IPOrpecc, Kak B
DKCIEPHUMEHTANbHBIX, TAK U B TCOPETUUECKUX METOJAX, C MOMEH-
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Ta MyOJMKAIMA TIOCIEIHET0 BCECTOPOHHETO 0030pa (McMahon
et al.) 8 2012 r. [{nst Toro 4to0Obl OXBaTUTh MIMPOKUH AMANa30H
JaBJICHUN U TeMIEpaTyp, S3KCIEPUMEHTHI 10 KOMOMHAIIMOHHOH 1
ONITHYECKOH CIEKTPOCKONHH, BKIIOYas HH(paKpacHyro, ObLIH
pacimupensl. HoBble MeTOIbI HIMITYJIBCHOTO Ja3€PHOT0 Harpesa H
TOPOMJATGHON aTMa3sHOM HAaKOBaJbHU BMECTE C 3aIUTHBIMH
CIIOSIMH  3HAYMTEIBHO YITYYIIMIM BO3MOXHOCTH CTaTHYECKOTO
ckatusl. BpuH Takxke MPOBENECHBI H3MEPEHHS 3IEKTPOIIPOBOIHO-
CTHU TIPU TOPa3fo OONBIINX 3HAYEHUAX AABIEHUS, 9YEM MPEJbIaY-
Iye, ¥ PaclpoCTpaHEeHbl Ha HU3KHE Temreparypsl. Kpome Toro,
METOIbl ANHAMUYIECKOTO CHKATUsl ObLIN 3HAYUTENBHO YTyUIIEHBI,
0oJIbIIIe OPUEHTUPOBAHBI Ha N303HTPOIMUYECKOE CXKATUE, YTO JAJI0
BO3MOXHOCTb HCCIIE[JOBAaTh IMIUPOKUI CIIEKTP TEPMOJMHAMHYE-
cKkux cocrossHui P-T. B mocnennee BpeMst ¢ pa3BUTHEM HOBBIX
SKCTIEpUMEHTANIbHBIX HHCTPYMEHTOB M METO/OB 3arpy3Ku o0pas-
IIOB YCKOPHJICS IMTOUCK METAUIMYECKOT0 BOJOPO/a, YTO ITO3BOJIH-
JI0 TIOJTYYUTh MHO>KECTBO PACCMOTPEHHBIX B 3TOif paboTe HOBBIX

JaHHBIX.

KiroueBsie ciioBa: BOJOPOJI, IKCTPEMAIIbHO BBICOKHE ABICHUS,
TBepaas (haza BOJOPO/IA, MIA3MEHHbIN TIepexo/l, METaTHYECKHUI
BOJOPO/I.
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