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Fig. 1 Evolution of T, of superconducting materials over time
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Fig. 4 (a) Structure, (b) three-dimensional isosurface of the electron localization function (ELF), (c) phonon dispersion
curves, phonon density of states (PHDOS), and Eliashberg spectral function a*F(w) together with the integral A(w),
(d) electronic band structure and projected density of states (PDOS) of H,-molecular-type hydrides NaH /'
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Fig. 5 (a) Distribution of Kohn-Sham effective local potential; (b) the equipotential surface at —10.0 eV

in H,-molecular-type hydrides CaH,,; (c) the section of 3d (top) and 2d (bottom) potential surface
for selected Ca atoms; (d) schematic illustration of potential decrease at the ridge as two finite

potential wells approach, where d, is a given initial distance between two potential well"'*)

040102-6



540 % BN SR T H T RUE Y R R R T 54

4 & B

JE 7 SRR ], 7 TRV S SRR E 2 BUR T B a0, O EAEEE IR R PR T
S b T L S e 2 ] A B R OCHR, HESh T — R B o SR RE R S ALY B . AR,
e RS E T 1 A A AL i S B b7 BB R R T DAC I, REf i L 19507 20 RAE T Bl 2 B R
BIR A, G 7 R AR e AL B 1 91 T PN 52 B g L A 2 3T e S AL B TS A SC B . w5 T NaH,, Al
CaH,, 55 H, 7> ¥ T SR W 00 RFER U T AR 20 20 S AT 9 BT TS 2688 o 3k B0 R b it 11
i N B AT O A R R AR R AR L T2 s iE . AR R, HLER S A IR AE A R
USRI SR, G4 DA 9250 B o — M S E 55 B0 DI R ML e o 0 I [l 3, RE MR i B 45 4
DR JEE , G AL G T5 H6 O, AL B R o T ] — R 9N R vE gt g, AR H, 20 T B S ALY
AL 8BS O SOR R TR AL, A R i LR ) Bk S SRS B R AR A 5, 38 S LB
e it o )BT 2 SR A A BT RS R A A

S22 3

[1] ONNES H K. The superconductivity of mercury [J]. Communications from the Physical Laboratory of the University of Leiden,
1911, 122: 122-124.

(2] BARDEEN J, COOPER L N, SCHRIEFFER J R. Microscopic theory of superconductivity [J]. Physical Review, 1957, 106(1):
162-164.

[3] SCHILLING A, CANTONI M, GUO J D, et al. Superconductivity above 130 K in the Hg-Ba-Ca-Cu-O system [J]. Nature,
1993, 363(6424): 56-58.

[4] GAOL,XUEY Y, CHENF, et al. Superconductivity up to 164 K in HgBa,Ca,,_,Cu,,0,,.,.s (m=1, 2, and 3) under quasihydro-
static pressures [J]. Physical Review B, 1994, 50(6): 4260—4263.

[5] DUANDF, LIU Y X, TIAN F B, et al. Pressure-induced metallization of dense (H,S),H, with high-T, superconductivity [J].
Scientific Reports, 2014, 4: 6968.

[6] DROZDOV A P, EREMETS M I, TROYAN I A, et al. Conventional superconductivity at 203 kelvin at high pressures in the
sulfur hydride system [J]. Nature, 2015, 525(7567): 73-76.

[7] LIU H Y, NAUMOV I I, HOFFMANN R, et al. Potential high-7, superconducting lanthanum and yttrium hydrides at high
pressure [J]. Proceedings of the National Academy of Sciences of the United States of America, 2017, 114(27): 6990-6995.

[8] DROZDOV A P, KONG P P, MINKOV V §, et al. Superconductivity at 250 K in lanthanum hydride under high pressures [J].
Nature, 2019, 569(7757): 528-531.

[9] SOMAYAZULU M, AHART M, MISHRA A K, et al. Evidence for superconductivity above 260 K in lanthanum superhydride
at megabar pressures [J]. Physical Review Letters, 2019, 122(2): 027001.

(101 FEWIEH, 5k, BAEDT, 5. @R N SR SRR TE LR (7], PRk, 2022, 42(5): 184-193.

DUM Y, ZHANG Z H, DUAN D F, et al. Hydrogen-based superconductors under high pressures [J]. Progress in Physics, 2022,
42(5): 184-193.

[11] DUMY, ZHAO W D, CUI T, et al. Compressed superhydrides: the road to room temperature superconductivity [J]. Journal of
Physics: Condensed Matter, 2022, 34(17): 173001.

[12] LIU P Y, WANG C, ZHANG D Y, et al. Strategies for improving the superconductivity of hydrides under high pressure [J].
Journal of Physics: Condensed Matter, 2024, 36(35): 353001.

[13] SUNY, ZHONG X, LIU HY, et al. Clathrate metal superhydrides under high-pressure conditions: enroute to room-temperature
superconductivity [J]. National Science Review, 2024, 11(7): nwad270.

[14] SONG Y G, MA C H, WANG H B, et al. Room-temperature superconductivity at 298 K in ternary La-Sc-H system at high-
pressure conditions [EB/OL]. arXiv: 2510.01273. (2025-10-06)[2025-11-11]. https://arxiv.org/abs/2510.01273. DOI: 10.48550/
arXiv.2510.01273.

[15] HE X L, ZHAO W B, XIE Y, et al. Predicted hot superconductivity in LaSc,H,, under pressure [J]. Proceedings of the National
Academy of Sciences of the United States of America, 2024, 121(26): ¢2401840121.

040102-7


https://doi.org/10.1103/PhysRev.106.162
https://doi.org/10.1038/363056a0
https://doi.org/10.1103/PhysRevB.50.4260
https://doi.org/10.1038/srep06968
https://doi.org/10.1038/nature14964
https://doi.org/10.1073/pnas.1704505114
https://doi.org/10.1038/s41586-019-1201-8
https://doi.org/10.1103/PhysRevLett.122.027001
https://doi.org/10.13725/j.cnki.pip.2022.05.002
https://doi.org/10.13725/j.cnki.pip.2022.05.002
https://doi.org/10.1088/1361-648x/ac4eaf
https://doi.org/10.1088/1361-648x/ac4eaf
https://doi.org/10.1088/1361-648X/ad4ccc
https://doi.org/10.1093/nsr/nwad270
https://doi.org/10.48550/arXiv.2510.01273
https://doi.org/10.48550/arXiv.2510.01273
https://doi.org/10.1073/PNAS.2401840121
https://doi.org/10.1073/PNAS.2401840121

540 % BN SR T H T RUE Y R R R T 54

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

LIU Z, L1J D, ZUREK E, et al. Emergence of near room-temperature superconductivity in hydrides with H, molecular units [J].
Physical Review B, 2024, 109(18): L180501.

ZHAO W D, ELLIS A, DUAN D F, et al. Unlocking the origin of high-temperature superconductivity in molecular hydrides at
moderate pressures [J]. Advanced Functional Materials, 2025, 35(8): 2415910.

YU J K, YONG X, LIU HY, et al. Prediction of enhanced superconductivity in cyclo-H,,Bi/Pb involving a resonant hydrogen
structure [J]. Physical Review B, 2024, 110(22): 224507.

LIU P Y, ZHUANG Q, XU Q, et al. Mechanism of high-temperature superconductivity in compressed H,-molecular-type
hydride [J]. Science Advances, 2025, 11(13): eadt9411.

CUDAZZO P, PROFETA G, SANNA A, et al. Ab initio description of high-temperature superconductivity in dense molecular
hydrogen [J]. Physical Review Letters, 2008, 100(25): 257001.

SHAN P F, MA L, YANG X, et al. Molecular hydride superconductor BiH, with 7, up to 91 K at 170 GPa [J]. Journal of the
American Chemical Society, 2025, 147(5): 4375-4381.

WIGNER E, HUNTINGTON H B. On the possibility of a metallic modification of hydrogen [J]. The Journal of Chemical
Physics, 1935, 3(12): 764-770.

MCMAHON J M, CEPERLEY D M. High-temperature superconductivity in atomic metallic hydrogen [J]. Physical Review B,
2011, 84(14): 144515.

LOUBEYRE P, OCCELLI F, DUMAS P. Synchrotron infrared spectroscopic evidence of the probable transition to metal
hydrogen [J]. Nature, 2020, 577(7792): 631-635.

NAGAMATSU J, NAKAGAWA N, MURANAKA T, et al. Superconductivity at 39 K in magnesium diboride [J]. Nature,
2001, 410(6824): 63—64.

ASHCROFT N W. Hydrogen dominant metallic alloys: high temperature superconductors? [J]. Physical Review Letters, 2004,
92(18): 187002.

GILMAN J J. Lithium dihydrogen fluoride—an approach to metallic hydrogen [J]. Physical Review Letters, 1971, 26(10):
546-548.

SATTERTHWAITE C B, TOEPKE I L. Superconductivity of hydrides and deuterides of thorium [J]. Physical Review Letters,
1970, 25(11): 741-743.

EREMETS M [, TROJAN I A, MEDVEDEYV S A, et al. Superconductivity in hydrogen dominant materials: silane [J]. Science,
2008, 319(5869): 1506—1509.

LI Z, YU W, JIN C Q. First-principles calculation on phase stability and metallization in GeH, under pressure [J]. Solid State
Communications, 2007, 143(6/7): 353-357.

ZHANG HD, JIN X L, LVY Z, et al. Investigation of stable germane structures under high-pressure [J]. Physical Chemistry
Chemical Physics, 2015, 17(41): 27630-27635.

GAO G Y, OGANOV A R, BERGARA A, et al. Superconducting high pressure phase of germane [J]. Physical Review Letters,
2008, 101(10): 107002.

TSE J S, YAO Y, TANAKA K. Novel superconductivity in metallic SnH, under high pressure [J]. Physical Review Letters,
2007, 98(11): 117004.

GAO G Y, OGANOV A R, LI P F, et al. High-pressure crystal structures and superconductivity of Stannane (SnH,) [J].
Proceedings of the National Academy of Sciences of the United States of America, 2010, 107(4): 1317-1320.
ZALESKI-EJGIERD P, HOFFMANN R, ASHCROFT N W. High pressure stabilization and emergent forms of PbH, [J].
Physical Review Letters, 2011, 107(3): 037002.

PENG F, SUN Y, PICKARD C J, et al. Hydrogen clathrate structures in rare earth hydrides at high pressures: possible route to
room-temperature superconductivity [J]. Physical Review Letters, 2017, 119(10): 107001.

KONG P P, MINKOV V S, KUZOVNIKOV M A, et al. Superconductivity up to 243 K in the yttrium-hydrogen system under
high pressure [J]. Nature Communications, 2021, 12(1): 5075.

WANG H, TSE J S, TANAKA K, et al. Superconductive sodalite-like clathrate calcium hydride at high pressures [J].
Proceedings of the National Academy of Sciences of the United States of America, 2012, 109(17): 6463—-6466.

MA L, WANG K, XIE Y, et al. High-temperature superconducting phase in clathrate calcium hydride CaH, up to 215 K at a
pressure of 172 GPa [J]. Physical Review Letters, 2022, 128(16): 167001.

SUN Y, LV J, XIE Y, et al. Route to a superconducting phase above room temperature in electron-doped hydride compounds

040102-8


https://doi.org/10.1103/PhysRevB.109.L180501
https://doi.org/10.1002/adfm.202415910
https://doi.org/10.1103/PhysRevB.110.224507
https://doi.org/10.1126/sciadv.adt9411
https://doi.org/10.1103/PhysRevLett.100.257001
https://doi.org/10.1021/jacs.4c15137
https://doi.org/10.1021/jacs.4c15137
https://doi.org/10.1063/1.1749590
https://doi.org/10.1063/1.1749590
https://doi.org/10.1103/PhysRevB.84.144515
https://doi.org/10.1038/s41586-019-1927-3
https://doi.org/10.1038/35065039
https://doi.org/10.1103/physrevlett.92.187002
https://doi.org/10.1103/PhysRevLett.26.546
https://doi.org/10.1103/PhysRevLett.25.741
https://doi.org/10.1126/science.1153282
https://doi.org/10.1016/j.ssc.2007.05.025
https://doi.org/10.1016/j.ssc.2007.05.025
https://doi.org/10.1039/C5CP03807C
https://doi.org/10.1039/C5CP03807C
https://doi.org/10.1103/physrevlett.101.107002
https://doi.org/10.1103/PhysRevLett.98.117004
https://doi.org/10.1073/pnas.0908342107
https://doi.org/10.1103/PhysRevLett.107.037002
https://doi.org/10.1103/PhysRevLett.119.107001
https://doi.org/10.1038/s41467-021-25372-2
https://doi.org/10.1073/pnas.1118168109
https://doi.org/10.1103/PhysRevLett.128.167001

540 % BN SR T H T RUE Y R R R T 54

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

under high pressure [J]. Physical Review Letters, 2019, 123(9): 097001.

GE Y F, ZHANG F, DIAS R P, et al. Hole-doped room-temperature superconductivity in H,S, Z (Z=C, Si) [J]. Materials
Today Physics, 2020, 15: 100330.

GE Y F, ZHANG F, YAO Y G. First-principles demonstration of superconductivity at 280 K in hydrogen sulfide with low
phosphorus substitution [J]. Physical Review B, 2016, 93(22): 224513.

ZHANG Z H, CUI T, HUTCHEON M J, et al. Design principles for high-temperature superconductors with a hydrogen-based
alloy backbone at moderate pressure [J]. Physical Review Letters, 2022, 128(4): 047001.

SONG Y G, BI J K, NAKAMOTO Y, et al. Stoichiometric ternary superhydride LaBeH as a new template for high-
temperature superconductivity at 110 K under 80 GPa [J]. Physical Review Letters, 2023, 130(26): 266001.

CHEN W H, HUANG X L, SEMENOK D V, et al. Enhancement of superconducting properties in the La-Ce-H system at
moderate pressures [J]. Nature Communications, 2023, 14(1): 2660.

CHEN S, QIAN Y C, HUANG X L, et al. High-temperature superconductivity up to 223 K in the Al stabilized metastable
hexagonal lanthanum superhydride [J]. National Science Review, 2023, 11(1): nwad107.

CHEN W H, SEMENOK D V, KVASHNIN A G, et al. Synthesis of molecular metallic barium superhydride: pseudocubic
BaH,, [J]. Nature Communications, 2021, 12(1): 273.

SEMENOK D V, CHEN W H, HUANG X L, et al. Sr-doped superionic hydrogen glass: synthesis and properties of SrH,, [J].
Advanced Materials, 2022, 34(27): 2200924.

STROBEL T A, SOMAYAZULU M, HEMLEY R J. Novel pressure-induced interactions in silane-hydrogen [J]. Physical
Review Letters, 2009, 103(6): 065701.

STROBEL T A, CHEN X J, SOMAYAZULU M, et al. Vibrational dynamics, intermolecular interactions, and compound
formation in GeH,-H, under pressure [J]. The Journal of Chemical Physics, 2010, 133(16): 164512.

SHAMP A, ZUREK E. Superconductivity in hydrides doped with main group elements under pressure [J]. Novel Supercon-
ducting Materials, 2017, 3(1): 14-22.

STRUZHKIN V V, KIM D Y, STAVROU E, et al. Synthesis of sodium polyhydrides at high pressures [J]. Nature
Communications, 2016, 7: 12267.

ZUREK E, BI T G. High-temperature superconductivity in alkaline and rare earth polyhydrides at high pressure: a theoretical
perspective [J]. The Journal of Chemical Physics, 2019, 150(5): 050901.

BAETTIG P, ZUREK E. Pressure-stabilized sodium polyhydrides: NaH, (n>1) [J]. Physical Review Letters, 2011, 106(23):
237002.

HOOPER J, ZUREK E. Rubidium polyhydrides under pressure: emergence of the linear H; species [J]. Chemistry—A European
Journal, 2012, 18(16): 5013-5021.

FU Y H, DU X P, ZHANG L J, et al. High-pressure phase stability and superconductivity of pnictogen hydrides and chemical
trends for compressed hydrides [J]. Chemistry of Materials, 2016, 28(6): 1746—1755.

LONIE D C, HOOPER J, ALTINTAS B, et al. Metallization of magnesium polyhydrides under pressure [J]. Physical Review B,
2013, 87(5): 054107.

Research Progress on High-Temperature H,-Molecular-Type
Hydride under High Pressure

WEI Xinmiao', LIU Zhao', CUI Tian'?

(1. Institute of High Pressure Physics, School of Physical Science and Technology, Ningbo University,
Ningbo 315211, Zhejiang, China;
2. College of Physics, Jilin University, Changchun 130012, Jilin, China)

Abstract: The synthesis of the room-temperature superconductor LaSc,H,, represents a significant
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milestone in the field of superconductivity research. A central goal of subsequent studies is to lower the
stabilization pressure required for hydrogen-rich superconductors, thereby establishing both theoretical
foundation and technical pathway toward achieving low-pressure room-temperature superconductivity. This
paper reviews recent advances in the prediction and experimental synthesis of hydride materials, with a focus
on a promising strategy for realizing high-temperature superconductivity at reduced pressures—namely, H,-
molecular-typehydride. The superconducting mechanism dominated by molecular H, units is redefined,
offering a new perspective for understanding phonon-mediated superconductivity. In H,-molecular-type
hydrides, a nearly free-electron gas behavior has been clearly observed. These delocalized electrons exhibit
metallic bonding characteristics while retaining fragments of molecular hydrogen. This finding indicates that
the essential condition for superconducting transition is the formation of a Fermi sea hosting Cooper pairs,
rather than complete dissociation into atomic hydrogen. The generation mechanism of the free-electron gas
in these materials can be effectively explained using a finite potential well model. The distinctive electronic
properties of these compounds under high pressure, combined with enhanced electron-phonon coupling,
establish a novel paradigm for designing low-pressure, high-temperature, and potentially room-temperature
superconductors.

Keywords: high pressure; hydrogen molecular hydrides; electron-phonon coupling; high-temperature

superconductivity
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