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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 

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 Eh/a0

3 = 2.9421912∙1013 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, I 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]. I 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-

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 

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 I is a plastic crystal-
forming an hcp lattice of freely rotating H2 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 II (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 IN through the 
symmetry considerations [48]. For hydrogen molecule with 
two protons with spin 1/2 each, there are two forms of H2 
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-

menclature is the opposite for the molecular shapes as the 
nuclear spin is different (IN = 1 vs 1/2 in H2). Because of 
technical problems, the majority of high-pressure experi-
ments on H2 and D2 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–II phase lines for these close to normal (n) H2 
and D2 are shifted to lower pressure compared to pure p-
H2 and o-D2; 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 II, where an 
orientationally ordered phase II transforms to a rotationally 
disordered phase I 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 II 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 II, 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 II in H2 and D2, 
where D2 forms an orientationally ordered structure, while 
H2 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 II are very scarce concerning 
the structural information; neutron and x-ray diffraction 
(XRD) experiments suggest an additional incommensurate 
order in the a direction in D2 [55], which is broadly con-
sistent with additional Raman peaks observed in phase II of 
D2 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 II in D2 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 II–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 II in D2 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 II of H2 remain scarcely studied. As in D2, the I–II 
transition in n- and p- H2 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 I. However, the rotons (which split) and 
librons coexist in phase II of H2 and D2 [56,57,60]. This 
complex vibrational behavior still needs to be explained in 
future investigations. 

Phase III of hydrogen (known also as H–A phase) is a 
high-pressure phase which occurs above approximately 
160 GPa in both H2 and D2. 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 III, 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 III and is the lowest-enthalpy phase 
over the pressure range, where phase III is observed (160–
300 GPa). However, the calculated XRD of C2/c H2 is 
largely inconsistent with the observations that show that 
phase III 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 P6122-36 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 III 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 
III) 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 

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 III) and Pc-48 (phase IV). 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 IV 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 I and III 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 IV′ 
was proposed to appear above 275 GPa in H2 based on a 
change in pressure slope of the Raman vibron frequency in 
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the graphene layer ν1 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 H2 based on a number of spectral 
changes that include disappearance of the low-frequency 
libron modes (L2 and L3), change in slope of the main Ra-
man vibron, and a broadening of the lowest-frequency 
weakly pressure-dependent mode L1. The behavior of the 
latter one corresponding to a collective rotation of a ring of 
three weakly bound H2 molecules in the graphene-like layer 
[71,76] is of special interest. This mode and the vibron ν1 
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 IV 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 ν1 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., ν1). 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., ν1 and L1 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 
Pca21 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 
II, III, 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 II 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 

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., I41/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 III 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-

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 (≥ 1 fs) than previously inferred, 
implying that metallic hydrogen at the conditions studied is 
not in the regime of saturated conductivity (Mott-Ioffe-
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 properties. References 
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Фазова діаграма водню при екстремальних 
значеннях тиску та температури; 

новітні дані 2019 р. 

О. Гончаров 

Очікується, що водень проявляє дуже цікаві властивості 
при екстремальних значеннях тиску та температури, які обу-
мовлені його низькою масою та, внаслідок цього, схильністю 
до квантових ефектів. Вивчення таких явищ залишається 
дуже складною задачею, не зважаючи на величезний техніч-
ний прогрес, досягнутий як в експериментальних, так і в тео-
ретичних методах, з моменту публікації останнього всебічного 
огляду (McMahon et al.) у 2012 році. Експерименти з комбі-
наційної та оптичної спектроскопії, які включають інфрачер-
вону, було розширено, щоб охопити широкий діапазон значень 
тиску та температури. Нові методи імпульсного лазерного 
нагріву та тороїдальної алмазної наковальні разом із захисни-
ми шарами значно покращили можливості статичного стиску. 
Було також проведено вимірювання електропровідності при 
набагато більших значеннях тиску, ніж попередні, та поши-
рено на низькі температури. Крім того, методи динамічного 
стиску були значно покращені, більше орієнтовані на ізоент-
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ропійне стиснення, що дало можливість дослідити широкий 
спектр термодинамічних станів P–T. Останнім часом з розви-
тком нових експериментальних інструментів та методів зава-
нтаження зразків прискорився пошук металічного водню, що 
дозволило отримати безліч розглянутих у цій роботі нових 
даних. 
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Фазовая диаграмма водорода при экстремальных 
значениях давления и температуры; 

новейшие данные 2019 г. 

А. Гончаров 

Ожидается, что водород проявляет замечательные свойства 
при экстремальных давлениях и температурах, обусловленных 
его низкой массой и, следовательно, склонностью к квантовым 
эффектам. Изучение таких явлений остается очень сложной 
задачей, несмотря на огромный технический прогресс, как в 
экспериментальных, так и в теоретических методах, с момен-

та публикации последнего всестороннего обзора (McMahon 
et al.) в 2012 г. Для того чтобы охватить широкий диапазон 
давлений и температур, эксперименты по комбинационной и 
оптической спектроскопии, включая инфракрасную, были 
расширены. Новые методы импульсного лазерного нагрева и 
тороидальной алмазной наковальни вместе с защитными 
слоями значительно улучшили возможности статического 
сжатия. Были также проведены измерения электропроводно-
сти при гораздо больших значениях давления, чем предыду-
щие, и распространены на низкие температуры. Кроме того, 
методы динамического сжатия были значительно улучшены, 
больше ориентированы на изоэнтропическое сжатие, что дало 
возможность исследовать широкий спектр термодинамиче-
ских состояний P–T. В последнее время с развитием новых 
экспериментальных инструментов и методов загрузки образ-
цов ускорился поиск металлического водорода, что позволи-
ло получить множество рассмотренных в этой работе новых 
данных. 
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