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ABSTRACT

Recent reports of the superconductivity in hydrides of two different families (covalent lattice, as in SH3 and clathrate-type H-cages containing La
and Y atoms, as in LaH10 and YH6) have revealed new families of high-Tc materials with Tc’s near room temperature values. These findings
confirm earlier expectations that hydrides may have very high Tc’s due to the fact that light H atoms have very high vibrational frequencies,
leading to high Tc values within the conventional Bardeen–Cooper–Schrieffer phononmechanism of superconductivity. However, as is pointed
out by Ashcroft, it is important to have themetallic hydrogen “alloyed”with the elements added to it. This concept of ametallic alloy containing a
high concentration of metal-like hydrogen atoms has been instrumental in finding new high-Tc superhydrides. These new superhydride “room-
temperature” superconductors are stabilized only at very high pressures above 100 GPa, making the experimental search for their super-
conducting properties very difficult. We will review the current experimental and theoretical results for LaH10−x and YH6−x superhydrides.

©2020Author(s). All article content, exceptwhere otherwisenoted, is licensedunderaCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5128736

I. INTRODUCTION

The attainment of room-temperature superconductivity is a long-
standing challenge related historically to the metallic phase of hydro-
gen.1–3 The ambient-pressure molecular crystals of hydrogen are stable
only at low temperature, and ametallic atomic-like hydrogen phase was
proposed by Wigner and Huntington to occur under high pressure
conditions.4 The pressure of metallization, estimated by Wigner and
Huntington, of about 20 GPa, ultimately proved to be incorrect, and it
was realized later that the actualmetallizationpressure should be around
500 GPa.5 Metallic hydrogen is also predicted to have a very high
superconducting Tc,

6 which naturally arises from the Bardeen–
Cooper–Schrieffer (BCS)7 electron-phonon coupling mechanism in-
volving hydrogen’s high vibrational frequencies. The atomic metallic
phase of hydrogen is claimed to have been produced in several reports,
including recently by Dias and Silvera,8 but all of these claims have met

serious criticism.9–12 None of these reports have been able to show
measurement of superconductivity in the claimed metallic phase.

After the BCS mechanism was established,7 it became clear that
high vibrational frequencies are conducive to high Tc values. Many
researchers have focused on studying the superconductivity of me-
tallic hydrides in the hope of increasing Tc due to involvement of
hydrogen vibrations in the “superconducting glue” provided by the
electron-phonon mechanism. However, in many attempts to find
such hydrides, Tc’s have failed to exceed 20 K.

13 The formed hydrides
did not have hydrogen-related electronic states at the Fermi level of
the hydride. The chemical nature of hydrogen bonding in materials
(ionic, covalent, or more exotic multicenter bonds) has prevented
hydrogen electronic states from residing at the position of the Fermi
level in all studied ambient-pressure hydrides.

However, attempts to find superconducting hydrides have pro-
duced another idea involving the concept of “doped”metallic hydrogen,
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which is usually attributed to Gilman and Ashcroft.14–16 Originally,
Ashcroft conjectured that certain compounds of hydrogen with other
elements in the periodic table may form metallic alloys, or, in other
words, sustain a metallic hydrogen sublattice doped with well selected
elements. Such “doped” compounds of hydrogen may have a stability
range at pressures much lower than the 500 GPa required to stabilize
pure atomic metallic hydrogen.5 These conditions may be amenable to
the experimental techniques we currently possess for measuring the
superconducting response at high pressures. While Ashcroft’s idea did
notworkwell for the compoundsheproposed (silane, SiH4

17 and similar
group IV hydrides), more recent predictions by Li et al.18 have stim-
ulated experimental work by Drozdov et al.19 and theoretical work by
Duan et al.,20 which found high Tc superconductivity in H3S below 200
GPa at Tc ∼ 200 K. These papers were an incentive for predicting high
Tc’s inmany unusual hydrides stabilized in high pressure environments.

The highest Tc values have been predicted so far for compounds
of La and Y: LaH10 and YH10,

21,22 and recently in Li2MgH16,
23 with a

predicted value Tc ∼ 473 K at 250 GPa. These compounds have very
interesting clathrate-like caged networks of hydrogen atoms with
metal atoms embedded in such clathrate cages. Indeed, the LaH10

“superhydride” was discovered very soon after its prediction by
Geballe et al.,24 and very high Tc values in this compound were
reported recently by Somayazulu et al. (260–280 K)25 and Drozdov
et al. (254 K).26 With these findings, we are entering an era of room-
temperature superconductivity, albeit under very high-pressure
conditions (above 100–150 GPa). We will provide below a sum-
mary of mostly experimental and relevant theoretically predicted
properties of these new superconducting materials (LaH10, YH6,
ThH10) and introduce new experimental results from magnetic
susceptibility studies at high pressures in LaH10. For more extensive
reviews on superhydrides and conventional hydrides, we redirect the
reader to other sources.13,16,27–29

II. OVERVIEW OF THEORETICAL AND EXPERIMENTAL
DATA FOR LAH10

Aswith all superhydridesmeasured so far, theoretical predictions
come first. For example, the theoretical predictions of Tc in clathrate-
like structured hydrides were published as early as 2012 for CaH6.

30

The proposed structure was sodalite-like CaH6, with a predicted Tc

value of around 230 K.30 However, the relation of this structure to the

clathrate-like caged family of superhydrides (several structural units
are shown in Fig. 1) was realized later after publications by Peng et al.21

and Liu et al.,22 which predicted high Tc values approaching or ex-
ceeding room temperature in LaH10 and YH10 superhydrides. The
predicted Tc values in selected metal hydrides from Peng et al.21 are
shown in Fig. 2. Liu et al.22 predicted Tc’s of around 280 K in LaH10

around 210 GPa, and around 315 K in YH10 at 250 GPa (see Fig. 2).
The experimental confirmation of an Fm-3mLaH10 structure

quickly followed in the publication byGeballe et al.24 Thematerial was
produced by heating an La flake in a hydrogen pressure medium at
about 170 GPa. It was found that LaH10 Fm-3m structure is stabilized
above 170 GPa, see Fig. 3, and at pressures below ∼165 GPa; the stable
structure is R-3m LaH10. This finding supports theoretical estimates
regarding the dynamic instability of LaH10 below 200 GPa,16,31 albeit
the experimental pressure for the stability range of Fm-3m structure
being significantly lower (165 GPa) than theoretical estimates.

Thefirst reports of superconductivity in LaH10 appeared as arXiv
publications. Drozdov et al. submitted a brief report of a resistivity
drop at ∼215 K in laser-heated samples loaded in a hydrogen pressure

FIG. 1. Clathrate structures of typical metal superhydrides (polyhydrides).21 Maximum Tc is predicted for YH10 and is slightly above room temperature at 250 GPa. [Reprinted
Figs. 2 and 4 with permission from Peng et al., Phys. Rev. Lett. 119(10), 107001 (2017). Copyright (2017) The American Physical Society.]

FIG. 2. Predicted superconductivity in LaH10 and YH10 superhydrides.
22 Blue and

red curves and symbols correspond to the indicated values of the Morel–Anderson
pseudopotential, μ*.
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medium.32 No structural data were given to support the claimed
LaH10 superconducting phase. Shortly after, Somayazulu et al.
submitted an arXiv contribution on the superconductivity of the
LaH10 phase, which was confirmed by x-ray diffraction studies, with
the onset of Tc up to 280 K.33 The four-probe data with zero residual
resistance demonstrated a Tc onset at about 260K. These results are in
Ref. 25 along with additional measurements probing critical currents
in the samples.

Drozdov et al. published another arXiv paper, claiming LaH10

with a maximum Tc of about 254 K,34 confirmed by an x-ray
derived LaH10 structure, measured magnetic field suppression
of Tc, and the effect of Deuterium-doping on Tc. These results are
in Ref. 26.

The experimental setting for resistivity measurements using the
four-probe technique from Somayazulu et al.25 is shown in Fig. 4. The
sample of La was embedded in an ammonia borane pressure medium
and pressed against four contacts on one of the diamond anvils. The
sample was heated by laser under high pressure conditions from the
side opposite to the electrodes, and ammonia borane served as a
hydrogen source. The formation of an LaH10 phase was confirmed by
x-ray diffraction data (Fig. 5). It was found that the onset of Tc can be
observed in the temperature range of 245 K to almost 280 K in
different samples, with varying hydrogen content (close to LaH10 as
estimated from x-ray unit cell volume data; see Fig. 5).

Drozdov et al.26 have published resistivity data for several
samples synthesized in a hydrogen pressure medium. While the

FIG. 3.X-ray diffraction of LaH10 sample after laser heating at 175GPa and 169 GPa.
24 Right panel: Volume per formula unit compared with theory and sum of the volumes of pure

La and five H2 units. [Reproduced with permission from Geballe et al., Angew. Chem., Int. Ed. 57, 688–692 (2018). Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.]

FIG. 4.Resistivity studies of superconductivity in LaH10.
25 Left panel: Typical arrangement of electrical contacts and x-ray transmission scan through the sample and contact area.

Right panel: Resistivity signatures of superconductivity in LaH10. [Reprinted Figs. S1 and 2 with permission from Somayazulu et al., Phys. Rev. Lett. 122(2), 027001 (2019).
Copyright 2019 The American Physical Society.]
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detailed procedure for sample synthesis is not clear from their work, it
was stated that the La samplewas bridged between the diamond anvils
to ensure that the electrical contacts between the sample and the
deposited electrodes was secured; this made sample synthesis by laser
heating a challenging procedure due to an effective heat sink provided
by the contacts of the samples with diamond anvils. Thus, we may
assume that these synthesis conditions are not favorable for creating a
relatively homogeneous, single phase of an La hydride. Indeed, the
resistive response and x-ray data show the existence of multiple
phases with varying hydrogen content in the reported experiments.26

For the LaH10 phase, Drozdov et al.26 reported a dome-like
dependence of Tc on pressure. While their measurement range ex-
tended as low as 140 GPa, they did not show any evidence of an R-3m
LaH10 phase, which was reported by Geballe et al.24 below 165
GPa—Fig. 6. This discrepancy is not clear, since both studies used La
in a hydrogen pressure medium and the reported conditions for the
synthesis of LaH10 were very similar.

Magnetic susceptibility measurements have not been attempted
for LaH10 due to the very small volume of the synthesized
samples—see Ref. 26, which is well below the limit of theMPMS squid

FIG. 5.Observed volumes per formula unit before and after the conversion from La to LaH10±x for several samples probed by resistivity technique.
25 The predicted P–V curves for

the assemblages La + 5H2 and La + 4H2 are plotted as the dashed and dash-dot lines (respectively). Samples which do not show evidence of the conductivity drop above 80 K lie
below the La + 4H2 line. Right panel shows the resistivity of one of the samples under varying pressure during thermal cycling (supplementary material in Ref. 25). [Reprinted
Figs. S3 and S4 with permission from Somayazulu et al., Phys. Rev. Lett. 122(2), 027001 (2019). Copyright 2019 The American Physical Society.]

FIG. 6. Transition to a lower symmetry phase (R-3m) in LaH10 on decompression from ∼170 GPa.24 [Reproduced with permission from Geballe et al., Angew. Chem., Int. Ed. 57,
688–692 (2018). Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.]
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system used to prove superconductivity in H3S samples.19 We have
recently studied magnetic susceptibility in LaH10 using our sensitive
magnetic susceptibility technique35 and have obtained interesting
initial results which we describe below.

III. MAGNETIC SUSCEPTIBILITY STUDIES AT HIGH
PRESSURE IN LaH10

The technique we use for magnetic susceptibility measurements
is a double-modulation technique introduced originally by Tim-
ofeev,36 which we improved35 and adopted for measuring small
samples in multimegabar experiments.37,38 The technique is dem-
onstrated in Fig. 7, along with the calculated and measured response
from a YBa2Cu3O7-x superconductor (see Ref. 38 for details). For tiny
samples the background issues become quite severe, and the diamond
anvil cell, the gasket, and all surrounding metal parts should be made
from nonmagnetic materials. The background signal may become
comparable to the detected signal, as was the case in experiments on
pure sulfur in pressures up to 230 GPa.38 For the experiments on
LaH10 we used a BeCu piston-cylinder, Mao-Bell type cell with a
nonmagnetic NiCrAl (Russian alloy) gasket,38 and ammonia borane
as a pressure medium. The samples were handled in an inert envi-
ronment to avoid contamination. The details of the loading procedure
are similar to those in Ref. 25. The samples were brought to a syn-
chrotron (Advanced Photon Source, Argonne National Laboratory,
GSECARS beamline) and the La sample was heated by a pulsed laser
in an ammonia borane pressure medium at about 165 GPa producing
LaH10 samples. The details of sample synthesis are reported else-
where.39 The DAC with synthesized samples was brought to the
HPSTAR facility in Shanghai for magnetic susceptibility measure-
ment, and after three weeks to the Geophysical Laboratory (Carnegie
Institution of Washington) for a similar set of measurements.

We were able to detect a measurable signal, however, the esti-
mated sample size proved to be very small. We show raw data at
several pressures in Fig. 8. The onset of the superconducting response
was at about 250 K in two temperature scans immediately following
synthesis at the beamline. After three weeks the shape of the signal
changed, showing the shift in response to 278 K. This occurred

without further laser heating andmay be attributed to pressure effects,
since average sample pressure increased to nearly 180 GPa, as
measured by the shift in the edge of the Raman signal from the
diamond anvils.

We have estimated sample size using previous measurements
from larger samples of high-Tc superconductors and MgB2 samples
(Fig. 9). For the observed signal at 180 GPa, we obtain a sample
volume of about 43 10−10 cm−3, which corresponds to a sample size
of around 10 μm in diameter, depending on the sample shape and
demagnetization factor. This sample size is comparable to the size of
the hot spot during the laser heating procedure. The change in Tc after
synthesis may be explained by the pressure increase and/or phase
changes in the sample. It should be noted that the magnetic response
in Fig. 8 does not look like the expected single crystal signal shape in
Fig. 7 and should correspond both to the inhomogeneity in the
samples due to pressure gradients (experimentally, gradients up to 20
GPa are observed over the culet area) and to the possible presence of
multiple phases. Further experiments are required to produce larger
and more homogeneous samples to understand the reason for the
higher Tc values observed in our experiments. However, there may
be a physical reason for the higher Tc’s in the LaH10 samples in a
certain pressure range. We address this issue below.

We summarize the available experimental data for LaH10

samples in Fig. 10. The most interesting fact is the Tc values up to
280 K observed in experiments by Somayazulu et al.,25 and in our
magnetic susceptibility data. Both these studies used an ammonia
borane pressure medium as a hydrogen source, and the discrepancy
with Drozdov et al.26 may be due to the incorporation of B or N in the
synthesized samples, or to the formation of LaHx phases different
from the LaH10 phase. However, the x-ray data from Ref. 25 are not
compatible with this explanation. A second possibility becomes ev-
ident if we notice that from theoretical results, the LaH10 phase is
dynamically unstable below 200 GPa,16,31 and, according to exper-
imental data, LaH10 does have a phase transition to the R-3m phase
below 165 GPa24 (Fig. 6).

Indeed, the existence of a phase transition in the 160–170 GPa
pressure range, which is driven by a softmode (dynamical instability),

FIG. 7. Left panel: Schematic representation of the background subtraction principle in magnetic susceptibility measurements: 1. primary coil; 2. secondary compensating coil; 3.
secondary signal coil. Further experimental details can be found in Ref. 38. “Removal” of the sample from the signal coil by applying an external magnetic field over the critical value
produces measurable changes in the total output signal. On the right we show a typical signal of a cuprate superconductor compared with a model calculation for type II
superconductors—see Ref. 38 for details of the model calculation.
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may explain an increase in Tc in the relatively narrow pressure
range above the transition. An indirect confirmation can be in-
voked from the theoretical calculations of Tc in LaH10 by Kruglov
et al.40—Fig. 10—who find a dramatic increase in Tc in a narrow
pressure range close to 200 GPa from Tc ∼ 270 K to nearly
310 K—see Fig. 10. Such an enhancement of Tc was not found in the
calculations by Liu et al.22 (Fig. 10), and they did not show any
calculated Tc data below 205 GPa. Given the relatively large
pressure gradients in the samples, such a transition is easy to miss,
especially if the whole volume of the sample is not probed, as in
resistivity studies. We note here that only one pressure point in the
range 173–203 GPa is reported in the paper by Drozdov et al.26

In the recent arXiv contribution, Errea et al.31 calculated Tc

values for the LaH10 Fm-3m phase, taking into account the

stabilization of the Fm-3m structure by quantum atomic fluc-
tuations. They found that quantum fluctuations stabilized the
Fm-3m phase down to 140 GPa, and found Tc values in agreement
with Drozdov et al.26 It is not currently clear why the transition to
the R-3m phase, reported by Geballe et al.,24 is not reproduced in
this quantum fluctuations approach, but it is evident that such
calculations are missing the soft mode scenario we discussed
above.

Kruglov et al.40 also presented a Tc calculation for the R-3m
phase of LaH10 and obtained Tc ∼ 200 K at 150 GPa, which is sig-
nificantly lower than reported Tc’s at 150 GPa (∼250 K).

26 The reason
for this discrepancy is not clear, and further, more extended theo-
retical efforts would be helpful in understanding how the soft mode
may influence Tc in the LaH10 samples around the dynamic instability
pressure range.

FIG. 8. Left panel shows the magnetic response signals from the LaH10 sample in a DAC. The superimposed signals at several pressures are shown by dots: blue—164 GPa,
green—169GPa, red—180GPa; the background is shown as a red dashed line (approximated by 3rd degree polynomial). Right panel: Signal after background subtraction, shifted
in vertical direction (from bottom to top: blue—164 GPa, green—169 GPa, red—180 GPa).

FIG. 9. Calibration curves for two setups operating at two different excitation
frequencies.35 The samples used for calibrating the amplitude of the response are
various high-Tc cuprates, Nb, and MgB2. The practical sensitivity limit for the
160 KHz setup is around 10−10 – 23 10−10 cm3, which is more than one order of
magnitude lower in comparison with the typical sensitivity limit (10−8 e.m.u.) of an
MPMS system from Quantum Design.

FIG. 10. Summary of the available experimental and theoretical data of supercon-
ductivity in LaH10. Sources for the data: Somayazulu et al.,25 Drozdov I et al.,32

Drozdov II et al.,26 Liu et al.,22 Kruglov et al.,40 and Peng et al.21

Matter Radiat. Extremes 5, 028201 (2020); doi: 10.1063/1.5128736 5, 028201-6

©Author(s) 2020

Matter and
Radiation at Extremes REVIEW scitation.org/journal/mre

https://doi.org/10.1063/1.5128736
https://scitation.org/journal/


IV. NEW SUPERCONDUCTING SUPERHYDRIDES
YH6 AND ThH10

In a recent arXiv publication, Troyan et al.41 reported a su-
perconductivity of up to 224 K in a YH6 superhydride, which con-
firmed earlier predictions of a high Tc in this material,21,42 albeit with
lower experimental Tc values. We show structural determination and
Tc measurements using a resistivity technique in Figs. 11 and 12,
respectively. The x-ray diffraction of the Tc � 224 K sample shows
predominantly the YH6 phase (Fig. 11). Some other minor phases
have been observed, including I4/mmm-YH4 and Imm2-YH7 at
pressures of 160–180 GPa. The synthesized Im3m-YH6 shows a clear
superconducting transition with a Tc of 224 K at 166 GPa. This value
of Tc is lower thanmost theoretical predictions, which produce Tc’s in
the range 260–280 K for YH6.

21,42,43 While being lower than theo-
retical predictions, this is the third-highest critical temperature that
has been experimentally measured in superhydrides. The lower ex-
perimental Tc values may be due to strong anharmonicity effects and
quantum effects, as recently discussed for LaH10.

31

Another superconducting hydrides report was released in arXiv
in 2019 by Semenok et al.44 claiming ThH10 with Tc � 161 K at
174 GPa and ThH9 with Tc � 146 K at 170 GPa. The supercon-
ductivity was measured from the resistivity drop to zero and con-
firmed by suppression of the transition in the magnetic field. The
corresponding experimental results are summarized in Fig. 13. The fcc-
ThH10 was predicted to have a stabilization pressure of 85 GPa, which
makes it unique among known high-TC metal superhydrides, however,
the experimental Tc values were reported only at 174 GPa. In this
material, theory predicts a Tc of up to 241 K at 90–100 GPa,45 and
Tc� 160Kat 174GPa;44 the latter value is close to the experimental value
of 161 K. The predicted Tc for ThH9 at 150 GPa is 123–145 K, which is
not far from the experimental value of 146 K at 170 GPa.44 Overall, it
appears that the predicted and measured Tc values in thorium super-
hydrides are very similar, contrary to what is found in LaH10 and YH6

materials, where anharmonic or quantum effects may play a significant
role in defining the Tc values in the materials.

Notes added in review: After this paper was submitted for re-
view, an important arXiv contributionwas published on experimental

studies of superconductivity in the new YH6 and YH9 phases.46

Tc� 227Kwas observed for a YH6 sample at 237GPa, and a Tc of YH9

had a dome-like shape as a function of pressure with a maximum
Tc � 243 K at 201 GPa. Notably, the observed Tc’s are lower by ∼30 K
than the predicted Tc’s, similar to our observation for the YH6 sample.
We refer the reader to the original publication for further details.

V. PERSPECTIVES FOR FUTURE ROOM-TEMPERATURE
SUPERCONDUCTIVITY STUDIES

With the available experimental data on superconducting
superhydrides, we may summarize a few empirical facts related to
their structural and superconducting properties. In Fig. 14, we show
the highest Tc values predicted by theory in superhydrides,47 which
are similar to the highest Tc values observed in pure elements under
high-pressure conditions (available at http://www.hpr.stec.es.osaka-
u.ac.jp/e-super). Both periodic table representations look strikingly
similar. Indeed, from previous theoretical predictions we know that
metal superhydrides with clathrate-like hydrogen lattices at the
beginning of the period (but not pure alkali metal hydrides) are
predicted to have high Tc values.

21,48 Similarly, most of the elements
at the beginning of the period (Ca, Y, Sc) show quite high Tc values at
high pressures. This correlation does not look coincidental if we
adopt the “doped” hydrogen approach. Metal ions are embedded in
the hydrogen “clathrate” lattice, and when the surrounding elec-
tronic density is optimized so that the pure metal exhibits high Tc

values, the “encaged” metals may contribute substantially to
electron-phonon coupling in the material. It is possible that such an
approach may give better superconducting materials if ternary
compounds are used, allowing continuous tuning of the electronic
density. Indeed, for ternary compounds very high Tc values
are predicted for a fewmaterials, such as Li2MgH16

23 with a predicted
Tc ∼ 473 K at 250 GPa.

Another important observation is the systematic trends in the
partial volume occupied by the hydrogen atom in high-Tc super-
hydrides. For example, in Fig. 15 we show a comparison of hydrogen
partial volume in various hydrides, including high-Tc phases. It
is evident that the partial volume for the hydrogen atom in proven

FIG. 11. Troyan et al.41 (a) XRD pattern of M3 sample at 172 GPa recorded at λ� 0.2952 Å; (b) Le Bail refinements for Im3m-YH6 and I4/mmm-YH4. Red circles are experimental
data; black line is the fit; green line shows residues.
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FIG. 12. Troyan et al.41 Superconducting transitions in Im3m-YH6: (a) Dependence of electrical resistance on temperature. Inset: the resistance drops to zero after cooling below
TC; (b) jump in R(T) dependence of resistance (nine times increase) on temperature for the second sample.

FIG. 13. Semenok et al.44 Observation of superconductivity in (a) ThH10 and (b) ThH9. The temperature dependence of the resistance (R) of thorium superhydride was determined
in a sample synthesized from Th+NH3BH3. The resistance was measured using four electrodes deposited on a diamond anvil with the sample placed on top of the electrodes
[Fig. 15(a), inset] with an excitation current of 100 μA. The resistance near the zero point is shown on a smaller scale in the insets; (c) dependence of the resistance on temperature
under an external magnetic field at 170 GPa; (d) dependence of the critical temperature (Tc) of ThH10 and ThH9 on the magnetic field.
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high-Tc superhydrides is above the value calculated for hypothetical
atomic metallic hydrogen49 and is much lower in several
nonsuperconducting hydrides like AlH3, FeH3, FeH5. This may be
related to the augmented electron density around the hydrogen
atom in superconducting superhydrides. It is interesting that the

atomic hydrogen volume in high-Tc materials, like LaH10 and
ThH10, is very close to the partial volume of hydrogen in com-
pressed solid H2. Overall, the equation of state for metallic atomic
hydrogen serves as a dividing line between superconducting and
nonsuperconducting hydrides in Fig. 15. In the context of “doped”
metallic hydrogen, as suggested by Ashcroft,15 it appears that the
hydrogen clathrate sublattice in superhydrides is “overdoped” in
comparison with the atomic metallic phase of pure hydrogen.

We believe that the volume differences given in Fig. 15 are quite
robust, since we have a very good match between the theoretical and
experimental volumes of superhydride phases, for example in tho-
rium44 and yttrium41 superhydrides. In that respect, the partial hy-
drogen volume may become a very sensitive probe of the “doping”
state of hydrogen in superconducting hydrides. It would be inter-
esting to explore the optimum doping condition for clathrate hy-
drogen lattices, which can be done by studying ternary compounds.23

The clathrate hydrogen cages in superhydrides are stable only
above 100–150 GPa in most studied materials. In that respect, ThH10

stands out as a predicted viable candidate for high-Tc supercon-
ductivity below 100 GPa.44 It would be interesting to check these
predictions experimentally. It is not clear what makes thorium hy-
drides more stable at lower pressures, but experimentalists may
certainly benefit from such predictions of lower pressure, high-Tc

hydrides.

VI. CONCLUSION

In this brief review we summarized what is known about new
superconducting hydrides (superhydrides) that have exceptionally
high critical superconducting temperatures. We provided the latest
magnetic susceptibility data for LaH10, showing the possibility of
high-Tc phases with Tc’s of up to 280 K. The mechanism for the
enhancement of Tc in LaH10 was also suggested, based on a soft mode
scenario in the vicinity of the Fm-3m to R-3m phase transition in
LaH10.

24

FIG. 14. High-Tc superconducting superhydrides,
47 which is very similar to the highest Tc in elements under high pressure conditions (see e.g., http://www.hpr.stec.es.osaka-

u.ac.jp/e-super) [The figure is reprinted with permission from supplementary material in Semenok et al., J. Phys. Chem. Lett. 9(8), 1920–1926 (2018). Copyright 2018 American
Chemical Society.].

FIG. 15. Comparison of atomic volumes per hydrogen atom in high-Tc and
nonsuperconducting hydrides. The equation of state for hypothetical atomic hy-
drogen (green dashed line) is taken from Pepin et al.,49 as well as atomic H volumes
for FeH3 and FeH5. The H2 volume is from Loubeyre et al.50 LaH10 and AlH3 data are
taken from Geballe et al.24 ThH10 is taken from Semenok et al.,44 YH6 from Troyan
et al.41 H3S data are given as calculated in Ref. 51.
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We introduced new experimental data on YH6 and ThH10 in the
context of “doped” metallic hydrogen. It appears that the partial
hydrogen volume in such superhydrides may be a good indicator of
“doping.” In superhydrides, based on partial volume arguments, we
suggest that the hydrogen sublattice may be “overdoped”with respect
to (hypothetical) pure metallic hydrogen. Overall, the concept of
doping may prove very useful in studying ternary superhydrides and
is an excellent tool in tuning the doping levels of the hydrogen
sublattice.

While at the moment it appears that superconducting super-
hydrides lack practical importance due to their stability range in the
hundreds of GPa, the scientific challenge of the field is enormous and
promises exciting times. Room-temperature superconductivity has
almost been achieved experimentally, and increasing numbers of
theoretical predictions show significantly high Tc’s, even well above
the boiling point of water.23 The experimental challenge is much
harder than the theoretical one, but we believe most theoretical
predictions will be tested in the near future.

ACKNOWLEDGMENTS

V.S. acknowledges support from theThousandTalent Program
by the State Council of the People’s Republic of China. Portions of
this work were performed at GeoSoilEnviroCARS (The University
of Chicago, Sector 13), Advanced Photon Source (APS), Argonne
National Laboratory. GeoSoilEnviroCARS is supported by
the National Science Foundation—Earth Sciences (Grant No.
EAR-1634415) and Department of Energy-GeoSciences (Grant No.
DE-FG02-94ER14466). This research used resources from the
Advanced Photon Source, a U.S. Department of Energy (DOE)
Office of the Science User Facility operated for the DOE Office of
Science by Argonne National Laboratory under Contract No. DE-
AC02-06CH11357. I.T. and A.G. acknowledge support from the
Ministry of Science and Higher Education of the Russian Federation
within the State assignment of the FSRC “Crystallography and Pho-
tonics” of RAS in part of the high-pressure structural experiments and
from the Russian Science Foundation (Project No. 19-12-00414) in
part of the high-pressure studies of superconductivity. A.G. ac-
knowledges the use of the facilities of the Center for Collective Use
“AcceleratorCenter forNeutronResearchof the Structure of Substance
and Nuclear Medicine” of the INR RAS.

REFERENCES
1N.W. Ashcroft, “Metallic hydrogen: A high-temperature superconductor?,” Phys.
Rev. Lett. 21(26), 1748–1749 (1968).
2V. L. Ginzburg, “Superfluidity and superconductivity in the universe,” J. Stat. Phys.
1, 3–24 (1969).
3V. L. Ginzburg, Key Problems in Physics and Astrophysics (Mir, Moscow, 1978).
4E. Wigner and H. B. Huntington, “On the possibility of a metallic modification of
hydrogen,” J. Chem. Phys. 3, 764–770 (1935).
5J. M. McMahon and D. M. Ceperley, “Ground-state structures of atomic metallic
hydrogen,” Phys. Rev. Lett. 106(16), 165302 (2011).
6J. M. McMahon and D. M. Ceperley, “High-temperature superconductivity in
atomic metallic hydrogen,” Phys. Rev. B 84(14), 144515 (2011).
7J. Bardeen, L. N. Cooper, and J. R. Schrieffer, “Theory of superconductivity,” Phys.
Rev. 108, 1175–1204 (1957).
8R. P. Dias and I. F. Silvera, “Observation of the Wigner-Huntington transition to
metallic hydrogen,” Science 355, 715 (2017).

9A. F. Goncharov and V. V. Struzhkin, “Comment on observation of the Wigner-
Huntington transition to metallic hydrogen,” Science 357, eaam9736 (2017).
10X.D. Liu et al., “Comment on “Observation of theWigner-Huntington transition
to metallic hydrogen,” Science 357, eaan2286 (2017).
11M. Eremets and A. P. Drozdov, “Comments on the claimed observation of the
Wigner-Huntington transition to metallic hydrogen,” arXiv:1702.05125 (2017).
12P. Loubeyre, F.Occelli, andP.Dumas, “Comment on:Observation of theWigner-
Huntington transition to metallic hydrogen,” arXiv:1702.07192 (2017).
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