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The discovery of high-temperature superconductivity in hydrogen-rich compounds at high pressures has reshaped the
landscape of condensed matter physics. This review traces the remarkable trajectory of high-pressure hydride supercon-
ductors, from early conceptual proposals to recent experimental milestones. We begin with the foundational theoretical
framework, including Ashcroft’s chemical precompression hypothesis and the electron—phonon coupling mechanism that
governs conventional superconductivity in these systems. The central experimental achievements are then examined in
chronological order: the record-breaking 203 K transition in H3S at 155 GPa, the near room-temperature superconductivity
at 250-260 K in clathrate-structured LaH ¢, and other experimentally synthesized binary/ternary hydrides with excellent
superconducting properties. We also analyze the unifying structural and electronic features responsible for high transition
temperatures. Finally, we address persistent experimental challenges, from unambiguous sample characterization to the
definitive detection of the Meissner effect, and outline promising strategies toward the ultimate goal of achieving higher
superconducting transition temperatures under lower pressures. This review highlights the powerful synergy between first-

principles theory and diamond anvil cell experiments that has driven this field forward.
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1. Introduction

Superconductivity, characterized by the complete disap-
pearance of electrical resistance and the expulsion of magnetic
flux below a critical temperature (7¢.), has remained one of the
most captivating phenomena in physics since its discovery in
1911.1"1 The Bardeen—Cooper—Schrieffer (BCS) theory pro-
vided a microscopic understanding in 1957, describing how
electrons form Cooper pairs through an attractive interaction
mediated by lattice vibrations. Within this framework, the
critical temperature is governed by the characteristic phonon
energy and the strength of the electron—phonon coupling. The
search for materials that maximize these parameters has moti-
vated decades of research into high-temperature superconduc-
tors.

Elemental hydrogen, owing to its lightest atomic mass,
possesses the highest possible Debye temperature among
all elements, making metallic hydrogen a theoretically ideal
candidate for high-temperature and even room-temperature

superconductivity. >8]

However, the metallization of pure
hydrogen is predicted to require pressures exceeding 400—
500 GPa,®-12] placing it at the extreme frontier of static

compression techniques. This formidable challenge moti-
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vated a paradigm-shifting idea: rather than compressing pure
hydrogen, one could incorporate hydrogen into compounds
where heavier elements provide an internal chemical pressure,
thereby reducing the external pressure required for metalliza-
tion. In 2004, Ashcroft articulated this concept of chemi-
cal precompression, proposing that hydrogen-rich compounds
could become metallic and superconducting at pressures far
lower than those needed for pure hydrogen.[® This insight
launched a new era in superconductivity research, one in
which theory and computation would guide experiment in
a tightly coupled feedback loop. Over the subsequent two
decades, the combination of advanced first-principles crys-
tal structure prediction methods and ultrahigh-pressure dia-
mond anvil cell techniques has yielded a succession of dis-
coveries that have pushed the superconducting critical tem-
perature from the cryogenic range to nearly ambient tempera-
ture. Key milestones include the discovery of superhydrides
such as H3S, which was predicted and then experimentally
confirmed to exhibit superconductivity with a T, of 203 K at
155 GPa, a record at that time.!['3-171 More recently, LaHjq
was found to have a T of 250-260 K at pressures around 170—
200 GPa, bringing room-temperature superconductivity tanta-
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18-21] Notably, relatively high critical tempera-

lizingly close.!
tures have been reported in cerium- and yttrium-based super-
hydrides as well. These discoveries have collectively pushed
the superconducting critical temperature from the cryogenic
range (below 30 K) to within striking distance of ambient tem-
perature.

This review provides a comprehensive account of this
journey. We begin by establishing the theoretical principles
that guide the search for high 7. hydrides. We then chroni-
cle the key experimental breakthroughs that have defined the
field, followed by an analysis of the common physical mech-
anisms that emerge across different material families. Finally,
we offer a summary of current challenges and future direc-
tions, which we hope may serve as a useful reference for the
broader research community.

2. Theoretical foundations of hydride supercon-
ductivity

2.1. The BCS framework and the McMillan equation

Conventional hydride superconductivity is well described
by the electron—phonon coupling mechanism, as formalized in
BCS theory and its strong-coupling extensions. Grounded in
the nearly free electron model, BCS theory was originally for-
mulated for the weak electron—phonon coupling limit. It posits
that superconductivity arises from phonon-mediated Cooper
pairing, which opens a superconducting energy gap and en-
ables dissipationless charge transport. Hydrogen, owing to its
extremely light mass, possesses.an exceptionally high Debye
temperature. Under high pressure, metallic hydrogen can gen-
erate strong electron—phonon coupling, thereby significantly
enhancing T;. Specifically, the extremely light mass of hydro-
gen leads to veryhigh atomic vibrational frequencies, provid-
ing a natural “high-frequency phonon” foundation for achiev-
ing high 7. Under high pressure, the hydrogen-cage structures
formed by hydrogen atoms in hydrogen-rich compounds can
exhibit a high electronic density of states at the Fermi level,
inducing strong.electron—phonon coupling. The critical tem-
perature can be estimated using the McMillan formula, which

was later refined by Allen and Dynes: !
1.04(1+ 4
To= O exp | LOUEA ]
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where @0, is the arithmetic mean of the phonon frequencies,
A is the electron—phonon coupling constant, and u* is the
retarded Coulomb pseudopotential, typically taken to be be-
tween 0.1 and 0.15. This equation reveals two essential ingre-
dients for a high T¢: a large characteristic phonon frequency
Oyog, Naturally provided by the light mass of hydrogen, and a
strong coupling constant A.

2.2. Chemical precompression

In 2004, Ashcroft recognized that the metallization pres-
sure of hydrogen could be substantially reduced by chemi-
cally binding hydrogen to other elements.!®! The core idea is
elegantly simple: the heavier atoms in a hydride compound
exert an internal pressure on the hydrogen sublattice through
chemical bonding and steric constraints. This internal pressure
precompresses the hydrogen, effectively lowering the external
pressure required to drive the system into a metallic state with
a high density of states at the Fermi level.

Ashcroft further predicted that such hydrogen-rich com-
pounds, once metallized, would serve as.excellent candidates
for high-temperature superconductivity. The rationale was
twofold. First, the high ' Debye temperature associated with
hydrogen-derived phonon modes sets a favorable energy scale.
Second, the electronic states at the Fermi level in these materi-
als are expected to -have substantial hydrogen character, ensur-
ing strong'modulation of the electronic structure by hydrogen
vibrations and hence strong electron—phonon coupling.

2.3. Computational structure prediction

The realization of Ashcroft’s vision relied heavily on the
development of ab initio methods for predicting crystal struc-
tures under pressure. Algorithms such as random structure
searching, particle swarm optimization, and evolutionary al-
gorithms, combined with density functional theory (DFT) to-
tal energy calculations, enabled researchers to systematically
explore the energy landscape of binary and ternary hydride
systems. These methods not only identify thermodynamically
stable and metastable phases but also provide the structural
inputs necessary for subsequent phonon and electron—phonon
coupling calculations.

This computational infrastructure has transformed the
search for superconducting hydrides from a trial-and-error
process into a predictive science. Dozens of candidate com-
pounds were computationally identified before being synthe-
sized experimentally, establishing a paradigm in which theory
leads and experiment validates.

3. Experimental breakthroughs
3.1. Early investigations

Following Ashcroft’s proposal, relatively early experi-
mental and theoretical efforts focused primarily on the group-
IVa hydrides, particularly SiH4. Early theoretical work pre-
dicted that SiH4 would metallize at around 50 GPa and be-
come superconducting.!?! At high pressure, mixed closed
shell systems and molecular hydrogen can give rise to novel
H;-containing van der Waals compounds, such as SiH4(H3)2
and GeH4(Hj;),, which have been predicted to be high tem-
perature superconductors with 7; values of 107 K and 90 K at
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250 GPa,?*>] respectively. Nevertheless, experiments have
only observed a low T; of ~ 17 K for silane at 90 GPa and
120 GPa among these hydrides,”®! although debates persist.
These results demonstrated the validity of the chemical pre-
compression concept and encouraged further exploration of
higher hydrides with greater hydrogen content.

3.2. The 200 K landmark: H3S

The year 2015 marked a watershed moment in the field of
high-pressure hydride superconductivity. Theoretical calcula-
tions by Duan et al. predicted that compressed H,S would de-
compose into H3S and elemental sulfur, and that the resulting
H3S phase with a body-centered cubic sulfur sublattice would
exhibit a remarkably high 7 of around 200 K at 160 GPa, as
shown in Figs. 1(a) and 1(b).['>!*] This prediction was soon
experimentally confirmed by Drozdov et al., who synthesized
H3S in a diamond anvil cell and compressed it to approxi-
mately 155 GPa. They observed a sharp drop in electrical

Frequency (THZ)

resistance at 203 K,[10! a value in close agreement with the
theoretical predictions, as shown in Figs. 1(c) and 1(d). The
structure of H3S features strong covalent bonding between hy-
drogen and sulfur, with sulfur adopting a six-fold coordination
environment relative to hydrogen.

The discovery was of profound significance for several
reasons. First, it shattered the previous record for conven-
tional superconductivity, which had stood for decades. Sec-
ond, it provided a spectacular validation of the computational
prediction pipeline, cementing the role-of theory as an equal
partner in discovery. Third, it demonstrated that the chemical
precompression strategy could yield 7; values well above the
boiling point of liquid nitrogen, opening the door to practical
cooling technologies. Isotope effect measurements, in which
deuterated samples showed a substantially reduced 7 consis-
tent with the BCS prediction, provided further evidence for the

phonon-mediated mechanism.
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(a) Calculated enthalpies per H3S unit as a function of pressure. (b) Phonon properties and Eliashberg spectral function for Im3m H3S

at 200 GPa. Adapted with permission from Ref. [13]. (c) Temperature dependence of the resistance of sulfur hydride at different pressures.
(d) Temperature dependence of the resistance of sulfur hydride in various magnetic fields, from which the critical magnetic field at 195 GPa is

determined. Adapted with permission from Ref. [16].

3.3. The rise of clathrate superhydrides: LaH;y and be-
yond

Following the success of the H-S system, research atten-
tion shifted toward a new class of materials known as clathrate
In 2012, Wang et al.
like hydride superconductor CaHg and predicted its 7; to be
220-235 K at 150 GPa based on electron—phonon coupling
(EPC) calculations,?”! without experimental confirmation at

superhydrides. identified the cage-

that time, as shown in Fig. 2(a). Subsequently, clathrate com-
pounds based on rare-earth metals garnered substantial re-
search interest. In these compounds, the rare earth atom oc-
cupies the center of a polyhedral cage formed by hydrogen
atoms, with stoichiometries such as MHg, MHg, and MH.
The hydrogen cages exhibit structural motifs analogous to
those in classical clathrates, with Ha4, Hpg, and H3p cages

being particularly common. First-principles calculations pre-
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dicted extraordinarily high 7; values for several of these mate-
rials. Among them, LaH; attracted particular attention, with
theoretical estimates suggesting a T, near room temperature at
pressures of around 200 GPa.['8! In 2018-2019, independent
experimental groups synthesized LaH¢ in diamond anvil cells
and observed superconducting transitions under pressures of
approximately 170-190 GPa. Eremets successfully synthe-
sized LaHjg, observing near room temperature superconduc-
tivity with a critical temperature of 250-260 K at 150 GPa —
a new record for T;, as shown in Fig. 2(b).['] In a similar ef-

fort, Hemley et al. also reported the successful synthesis of
20,21

I achieving T, values exceeding

superconducting LaH,!
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260 K under pressures of 180-200 GPa. The discovery of near
room temperature superconductivity in LaH;o was a monu-
mental achievement. The measured T;. of 250-260 K is acces-
sible with commercial closed-cycle cryocoolers, making these
experiments more widely reproducible and raising the tanta-
lizing prospect of practical applications. Under high pressure,
LaH|( crystallizes in a clathrate-like structure with sodalite-
type symmetry (space group Fm3m), where lanthanum atoms
occupy the framework sites and hydrogen atoms form unusual
H3s; cages featuring both diatomic H; units and monatomic hy-
dride ions. This structural motif has since become a hallmark
of high-T; superhydrides.
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Fig. 2. (a) Electron localization function (ELF), phonon band structure and Eliashberg spectral function of CaHg at 150 GPa. Adapted with
permission from Ref. [27]. (b) X-ray diffraction studies of experimentally synthesized superconducting lanthanum hydride LaH;q at 150 GPa.

Adapted with permission from Ref. [19].

Subsequent investigations expanded the family of
clathrate superhydrides to include yttrium (YHg, YHo),[?8%]
cerium (CeHo, CeH ), 3%32! and thorium (ThH)(),*3! among
others. Many of these compounds displayed 7 values well
above 100 K. Systematic' studies began to reveal correla-
tions between T¢, applied pressure,; and the hydrogen con-
tent and cage topology. Yttrium-based superhydrides have
emerged as particularly promising systems due to their mul-
tiple stoichiometries and excellent superconducting perfor-
mances.. Comprehensive studies conducted in the pressure
range of 140-300 GPa have successfully synthesized a series
of yttrium superhydrides including YHy4, YHg, YH7, and YHy.
YHg exhibits a T, of 224 K at 166 GPa, making it one of the
highest-temperature binary hydride superconductors.*8! The
hexagonal structure of YHg features hydrogen cages that en-
able strong electron—phonon coupling, leading to its remark-
able superconducting properties. YHy demonstrates an even
higher T; of approximately 230-243 K at pressures around
200 GPa.*°! The dense hydrogen framework in YHy enhances
the density of states at the Fermi level, boosting electron—
phonon interactions. Notably, the theoretical prediction of
YH; as a potential room-temperature superconductor has not
yet been experimentally realized within the studied pressure

and temperature ranges (up to 300 GPa and 2000 K).[!8]

Cerium-based superhydrides are particularly significant
because they stabilize at lower pressures compared to their
lanthanum and yttrium counterparts, offering a more ac-
cessible pathway for high-temperature superconductivity re-
search. CeHy, synthesized at pressures of approximately 80—
130 GPa,3%-32 exhibits T, values ranging from 57-100 K.[30!
CeHjg, a higher hydride synthesized under comparable pres-
sure conditions, demonstrates a T, of 115 K at 95 GPa.3%
Similarly, ThHy and ThH;o have also been experimentally
synthesized, exhibiting superconducting transition tempera-
tures of 146 K and 161 K, respectively. ]

CaHg represents a particularly important binary cage-like
hydride due to its remarkably high 7;.. Synthesized at pressures
of approximately 160-180 GPa combined with laser heating,
CaHg crystallizes in the Im3m cubic structure. Experimen-
tal measurements report a T, of 215 K at 172 GPa,**! con-
firmed by resistance measurements. An important distinguish-
ing feature of CaHg is that its 7, exhibits a relatively moder-
ate pressure dependence, suggesting that the superconducting
phase remains stable over a wider pressure range compared to
lanthanum-based hydrides.

Furthermore, a relatively special class of binary cage-like
hydrides is represented by the A15-type LasHj3, which de-
viates from the common MHg, MHg, and MH | stoichiome-

107401-4



Chin. Phys. B 35, 107401 (2026)

tries. LasHj3 adopts an A15 cubic structure (space group
Pm3n), originally known from intermetallic A15 supercon-
ductors such as Nb3Sn. The structure consists of a three-
dimensional hydrogen framework with lanthanum atoms oc-
cupying two distinct crystallographic sites, forming hydro-
gen cages of different polyhedral geometries. Unlike conven-
tional MHj¢ clathrates, LasH»3 exhibits a metal-to-hydrogen
ratio of 4:23, corresponding to approximately 5.75 hydro-
gen atoms per lanthanum atom. The superconducting prop-
erties of LagH»3 are remarkable: experimental measurements
report a T, of ~ 105 K at 118 GPa.[?3 The A15 structure
gives rise to a high density of states at the Fermi level and
strong electron—phonon coupling, partly due to the quasi-one-
dimensional chains of hydrogen atoms in the lattice. Fur-
thermore, A15-type LusHj3 has also been reported, with a T;,
of 71 K at 218 GPa.3®! In contrast to the more symmetric
sodalite-like cages in LaH;o, the A15 framework offers an al-
ternative hydrogen bonding network that is equally effective

in mediating high-temperature superconductivity.

3.4. Molecular hydrides with H, units

Beyond clathrate hydrides, another class of molecular-
type hydrides — initially considered unfavorable for high-
temperature superconductivity — has also been found to ex-
hibit superconductivity. Early experiments uncovered molec-
ular hydrides such as LiHg and NaH7, in which H, units are
incorporated and stabilized through ionic interactions with the

e. [37.38

metal host lattic I Despite the absence of observable su-

perconducting transitions in these materials, their structures

Ep=11.3eV

Nenr$ee eﬂiecum‘i
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proved that Hy-based frameworks can remain stable under
pressure. Following this, Chen synthesized BaH;>, which
adopts a pseudo-cubic arrangement with weakly interacting
H,-like motifs that contribute negligibly to the density of
states at the Fermi level, resulting in a modest 7. of 20 K at
140 GPa.3%! More recently, BiHy was successfully synthe-
sized and shown to exhibit superconductivity with a 7; of 91 K
at 170 GPa, establishing it as one of the most promising molec-

(401 In quasi-H,-

ular hydrides achieved experimentally to date:
contained hydrides, tightly bound H-H pairs with exception-
ally short bond lengths are present, significantly shorter than
typical interatomic distances in-metallic hydrides, yet slightly
longer than those in free gaseous H, molecules.*! Crucially,
these H-H pairs are no longer free, neutral H, molecules; in-
stead, they are “confined” within the lattice framework formed
by metal atoms and act as structural units of the crystal, with
their electron clouds interacting with surrounding metal atoms
and their vibrational frequencies modulated by the lattice en-
vironment. For example, YHy also exhibits a similarly high
T of 88 K at 155 GPa, where hydrogen remains in molecu-
lar form rather than as isolated atoms.*>* Other quasi-H,-
contained hydrides include SnH;**! and YH;.[*3! Based on
current experimental results, the clathrate-type hydrogen con-
figuration exhibits superior superconducting properties com-
pared to the molecular-type configuration. This observation
aligns with the principle of chemical precompression, which
promotes the dissociation of hydrogen molecules into atomic
hydrogen, thereby further increasing the proportion of atomic-
like hydrogen and enhancing superconducting performance.
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Fig. 3. (a) The Kohn-Sham effective local potential, including ionic, Hartree, and exchange—correlation potentials of C2/c-CaHj4. Adapted
with permission from Ref. [41]. (b) Electrical transport and magnetism of the superconducting molecular hydride BiH4. Adapted with permis-

sion from Ref. [40].

3.5. Extending to ternary hydride systems

The exploration of binary hydrides, while successful in
producing high-temperature superconductors, has revealed in-
herent structural limitations. These compounds typically re-
quire stabilization pressures exceeding 150 GPa, and their rel-

atively simple stoichiometries offer limited flexibility for tun-

ing critical parameters, such as electron—phonon coupling and
hydrogen sublattice geometry. In response, researchers have
increasingly turned to ternary hydride systems incorporating
two distinct metal/metalloid species within a hydrogen frame-
work. The expanded compositional space introduces addi-

tional degrees of freedom, allowing for the strategic design of
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hydrogen cages and the optimization of electronic properties
at more moderate pressure conditions.

Compared to binary hydrides, ternary hydride supercon-
ductors offer several distinct advantages arising from their ex-
panded compositional space. First, the introduction of a sec-
ond metal or metalloid species alleviates the structural con-
straints inherent in binary systems, enabling the stabiliza-
tion of hydrogen sublattices at significantly lower external
pressures. Second, ternary systems provide additional tun-
ing knobs for optimizing the superconducting critical temper-

ature.

sition, researchers can systematically enhance the electron—

phonon coupling strength and

the Fermi level — two key factors governing superconductiv-
ity. Third, the greater chemical diversity in ternary hydrides

often leads to richer hydrogen

configurations, which can further boost 7. while maintain-
ing dynamical stability. Finally, many predicted ternary hy-
drides exhibit metastable behavior, allowing their supercon-
ductivity to persist over a broader pressure range, including
upon decompression. Collectively, these advantages position
ternary hydrides as a more flexible and promising platform
for exploring the pathway toward room-temperature supercon-

ductivity under experimentally

ditions, though we recognize that achieving such performance
under ambient conditions would require -additional stabiliza-

tion strategies.
In 2021, Semenok et al.

examples of ternary high-temperature superconducting hy-
drides, (La,Y)Hg and (La,Y)H;o.!*! Under pressures of 183—

199 GPa, (La,Y)H;o achieved

(La,Y)He showed a T of approximately 237 K. Following
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Fig. 4. (a) Crystal structure and pressure dependence of T of the Fm3m LaBeHg. Adapted with permission from_ Ref. [49]. (b) Synchrotron
x-ray diffraction pattern, temperature dependence of electrical resistance, and critical magnetic field of the Fm3m LaBeHg. Adapted with

permission from Ref. [S0].

A more recent breakthrough involves the successful syn-
thesis of the A15-type ternary hydride (Lu,Y)4H>3. This com-
pound exhibits a 7, of 112 K at 215 GPa,!l which is the

highest transition temperature ever recorded for A15-type su-

perconductors and represents a

By varying the stoichiometry and chemical compo-
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these discoveries, alloying strategies were further extended to
other rare earth combinations. For instance, the ternary cage-
type hydride (La,Ce)Hg was synthesized under pressures of
110-125 GPa and temperatures of 2100-2300 K.[##7] This
compound achieves a T; in the range of 148-178 K, which
represents an approximately 80% enhancement compared to
its binary counterpart CeHog, and it currently holds the record
for the highest known superconducting transition tempera-
ture near the megabar pressure range. Additionally, Chen et
introduced an appropriate proportion of Al and synthe-
sized (La,Al)H, which exhibits a 7.-of 178 K at 146 GPa.
The upper critical field, fitted using the-Werthamer—Helfand—
Hohenberg (WHH) model; reaches 223 T under the same

Among the experimentally synthesized ternary hydride
superconductors, LaBeHg stands out as a particularly signif-
icant milestone due to its relatively low stabilization pressure
and unique structural chemistry. Structurally, LaBeHg crys-
tallizes in the face-centered cubic Fm3m phase and can be
viewed as a rocksalt-type ionic compound of La’>"[BeHg]>~,
where the [BeHg]z_ unit contains polarized Be-H cova-
lent bonds, as shown in Fig. 4(a).[*°! Following theoretical
predictions, LaBeHg was first synthesized in 2023, achiev-
ing a T. of 110 K at a pressure of 80 GPa, substantially
lower than the 150-200 GPa typically required for binary
hydrides (Fig. 4(b)).’%! The high T, originates from a high
hydrogen-derived density of states at the Fermi level and
strong electron—phonon coupling arising from inter-unit H-H
vibrations. The unexpected stability at submegabar pressures
(down to 80 GPa) stems from the insertion of Be atoms into
interstitial regions of the hydrogen sublattice, leading to close
packing that stabilizes the system at lower pressures.
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nary system. The enhanced performance is attributed to lat-
tice expansion, increased H-H bond lengths, enhanced density
of states at the Fermi level, and phonon softening induced by
yttrium incorporation. Moreover, the YScH system has also

attracted considerable attention. YScHg was successfully syn-
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thesized and found to crystallize in a P4/mmm structure with a
T:. of approximately 113 K at 120 GPa, representing an impor-
tant addition to the family of ternary hydrides based on yttrium
and scandium.®?] Collectively, these experimentally realized
ternary hydrides including (La,Y)Hs/H;o,!*! (La,Ce)Ho,*"]
(La,AD)H;, 8] LaBeHs,"! YScHg,?! LaB,Hg,5% and so
on, demonstrate that expanding from binary to ternary systems
offers a powerful strategy for discovering high-temperature su-

perconductors.

In summary, a variety of hydrides with excellent super-
conductivity have been successfully synthesized experimen-
tally. These hydrides are systematically classified and sum-
marized in Table 1. Figure 5 presents superconducting crit-
ical temperatures of various typical hydride superconductors

reported experimentally since 2015.

Table 1. Measured superconducting transition temperatures of experimentally reported hydrides under high pressure.

Stoichiometry Space group Pressure (GPa) T: (K) Experimental evidence Ref.
H3S Im3m 155 203 ZR+MFS+IE [16]
CaHg Im3m 172 215 XRD+ZR+MFS [34]
YH;, Im3m 166 224 XRD+ZR+MFS+IE [28]
ThHg Fm3m 175 161 XRD+ZR+MFS [33]
CeHjo Fm3m 95 115 ZR+MES+XRD-+IE [30]
CeHy P63/mmc 130 100 ZR+MFS+XRD-+IE [30]
ThHy P63/mmc 170 146 XRD+ZR+MFS [33]
YHy P63/mmc 201 243 XRD+ZR+MFS+IE [29]
LaH;g Fm3m 170 250 XRD+ZR+MFS+IE [19]
LasHy3 Pm3n 118 105 XRD+ZR+MFS [35]
LugHp3 Pm3n 218 71 XRD+ZR+MFS [36]
BiHy C2/c 170 91 XRD+ZR+MFS [40]
BiH, Cmcm 163 62 XRD+ZR+MFS [54]
(La, Ce)Hg P63/mmc 100 176 XRD+ZR+MFS [47]
(La, ADHjg P63/mmc 164 223 XRD+ZR+MFS [48]
(La, Ca)Ho P63/mmc 173 247 XRD+ZR+MFS [55]
(Y, Ce)Hjo Fm3m 149 201 XRD+ZR+MFS+IE [56]
(La, Y)Hjo Fm3m 183 253 XRD+ZR+MFS [45]
(Ce, Sc)Hj; Fm3m 190 100 XRD+ZR+MFS [57]
(La, Ce)sHp3 Pm3n 89 78 XRD+ZR+MFS [58]
(Lu, Y)4H23 Pm3n 215 112 XRD+ZR+MFS [51]
(Y, Ca)He Im3m 155 224 XRD+ZR+MFS [59]
YScH;g P4/mmm 192 113 XRD+ZR+MFS [52]
LaB,Hg I4/mmm 90 106 [53]
LaBeHg Fm3m 80 110 XRD+ZR+MFS [50]

Note: ZR = zero resistance; MFS = magnetic-field suppression; XRD = x-ray diffraction; IE = isotope effect.
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Fig. 5. Experimentally reported superconducting critical temperatures
of various hydride superconductors since 2015.

3.6. The gap between theory and experiment

Despite the remarkable experimental successes summa-
rized above, it is important to acknowledge that the theory—
experiment feedback loop in this field is not without its un-

resolved debates. Several systems that are theoretically pre-

dicted to be promising remain experimentally elusive. For
instance, clathrate hydrides such as YHjo and MgHg have
been extensively predicted to possess excellent superconduct-
ing properties,[!®%! yet no superconducting transition has
been observed experimentally to date. Perovskite-type hy-
drides, with CsInHj3 as a representative example, which have
been theoretically designed to maintain high-temperature su-
perconductivity at relatively lower pressures,'%!! have not yet
been successfully synthesized or characterized in experiments.
Beyond these cases, a broader range of hydride systems have
been theoretically predicted to exhibit superconductivity, but
no experimental evidence has been found to date.

These gaps between theory and experiment underscore
the urgent need for more robust theoretical frameworks that
incorporate kinetic pathways, phase competition, and anhar-
monic effects, as well as for more refined experimental tech-
niques capable of unambiguous phase identification and prop-
erty characterization under extreme conditions.

107401-7
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4. Physical mechanisms and universal features

Across the diverse families of superconducting hydrides,
a consistent electronic structure picture has emerged. The den-
sity of states near the Fermi level is dominated by hydrogen-
derived states, primarily from the H 1s orbitals. The metal
atoms serve as electron donors, transferring charge to the hy-
drogen sublattice and stabilizing its structure. This hydrogen-
dominated Fermi surface ensures that the electrons responsi-
ble for superconductivity are strongly coupled to the hydrogen
phonon modes.

The phonon density of states in high-7; hydrides exhibits
a characteristic separation of energy scales. Low-frequency
modes are associated with the vibrations of the heavy metal
atoms. High-frequency modes, ranging from approximately
100 meV to 250 meV, originate from hydrogen vibrations, in-
cluding both stretching and librational motions. It is the cou-
pling of electrons to these high-energy hydrogen phonons that
provides the dominant contribution to the electron—phonon
coupling constant A.

In clathrate hydrides, the three-dimensional hydrogen
cage network gives rise to a high projected density of states
from H 1s orbitals at the Fermi level, which strongly enhances
the electron—phonon coupling. The Eliashberg spectral func-
tion ?F () for these systems shows a broad distribution of
high-frequency phonon modes with large coupling: weights,
yielding an electron—phonon coupling constant A in the range
of 1.5-2.5 and a logarithmic average phonon frequency g
exceeding 1000 K. In contrast, molecular-type hydrides such
as SnHy, BiHy, and YHy retain intact H-H or H, units, which
exhibit more localized molecular vibrations. Their a*F (o)
spectra are characterized by sharp peaks at higher frequen-
cies but with substantially lower spectral weight, resulting in
A values typically below 1.0 and @yg around 500-800 K. This
quantitative difference in clathrate systems directly translates
into higher 7 values compared with molecular-type hydrides
according to the McMillan—Allen—Dynes formula.

In short, the structural chemistry of hydrogen in these
high-pressure phases is remarkably rich. Depending on the
pressure, temperature, and chemical composition, hydrogen
can exist as isolated H anions, as molecular H, units, as ex-
tended one-dimensional chains, as two-dimensional layers,
or as three-dimensional cage networks. The clathrate cages
found in the rare-earth superhydrides represent the most cele-
brated structural motif, but other configurations are also pos-
sible.

5. Current challenges and the path forward
5.1. Experimental hurdles and challenge of evidence stan-
dards

Despite the remarkable progress, several formidable ex-

perimental challenges persist. The micrometer-scale sam-

ple volume within diamond anvil cells at megabar pressures
not only complicates the definitive determination of chemical
composition and crystal structure, but also fundamentally lim-
its the interpretative power of the most commonly employed
measurement. In such confined geometries, a sharp drop in
resistance cannot by itself be regarded as a unique signature
of bulk superconductivity, although it is a necessary indica-
tor. The superconducting state is characterized by a constel-
lation of interconnected phenomena, including the attainment
of truly zero electrical resistance, the:expulsion of magnetic
flux via the Meissner effect, and perfect diamagnetism. Ide-
ally, these signatures should be observed concurrently on the
same sample within the same diamond anvil cell. However,
in practice, such comprehensive characterization remains ex-
ceptionally difficult at megabar pressures. Furthermore, hy-
drogen’s status as the lightest element makes it a weak x-ray
scatterer, thereby complicating the reliable determination of
crystal structures via diffraction techniques. Neutron diffrac-
tion, though offering superior sensitivity to hydrogen, proves
exceedingly challenging to implement under megabar condi-
tions due to the combined constraints of sub-micrometer sam-
ple dimensions and insufficient neutron flux.

Despite these challenges, recent technical advances have
begun to address the long-standing difficulty of Meissner
effect detection in DAC. Conventional approaches, such as
AC magnetic susceptibility measurements using miniature
pickup coils, have been successfully applied to hydride sys-
tems like PtH, and H3S, providing evidence of diamag-

17621 However, these methods face inher-

netic transitions. !
ent limitations in sensitivity and spatial resolution due to the
micrometer-scale sample volumes and strong background sig-
nals from the metallic gasket and diamond anvils. A trans-
formative development in this direction is the integration of
nitrogen-vacancy (NV) center quantum sensing into DAC plat-
forms. By implanting a thin layer of NV color centers directly
into the diamond anvil culet, this technique enables spatially
resolved, optical diffraction limited magnetometry at megabar
pressures with sub-micron resolution. Crucially, simultaneous
transport and magnetic measurements can be performed on the
same sample, allowing the direct correlation of zero resistance
with the diamagnetic response characteristic of the Meissner
effect. This approach has recently been applied to the cerium
superhydride CeHg, where both the Meissner effect and flux
trapping were spatially mapped, providing unambiguous evi-
dence of superconductivity. 3]

Taken together, these developments mark a significant
step toward establishing more rigorous verification standards
for high-pressure superconductivity, and we anticipate that
such quantum sensing techniques will play an increasingly
central role in the future of the field.

107401-8
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5.2. The path to ambient pressure

The ultimate goal of the field is to realize room-
temperature superconductivity at ambient pressure. Achieving
this will require stabilizing high-7; hydride phases under con-
ditions that are thermodynamically or kinetically viable at at-
mospheric pressure. Several strategies are being actively pur-
sued.

First, ternary and multinary hydride compounds are being
explored. The introduction of multiple metal species increases
the configurational entropy and can stabilize new crystal struc-
tures that may be energetically favorable at lower pressures.
Recent discoveries of superconductivity in La—Y-H and La—
Ce—H systems at pressures substantially lower than those re-
quired for the corresponding binary compounds provide en-
couraging evidence for this approach.

Second, the substitution of heavier rare earth elements
by lighter elements that form strong covalent bonds with hy-
drogen is being investigated. For example, recent work on
LaBeHg has demonstrated high-temperature superconductiv-
ity at pressures that are meaningfully lower than those required
for LaHjo, suggesting that chemical tuning of the metal-
hydrogen interaction can effectively reduce the stabilization
pressure.

Third, the concept of metastable retention is being
pursued. If a high-pressure superconducting phase can
be quenched to ambient conditions and remain kinetically
trapped in a metastable state, it may retain its superconduct-
ing properties. While this has been demonstrated for some
high pressure phases, the rapid diffusion of hydrogen at room
temperature presents a formidable obstacle.

5.3. The role of artificial intelligence and high-throughput
screening

The vast compositional and structural space of ternary,
quaternary, and higher-order hydrides cannot be explored
exhaustively with traditional computational methods. Ma-
chine learning techniques, including neural network potentials
and crystal graph convolutional neural networks, are increas-
ingly being employed to accelerate the search for stable and
metastable hydride phases. These tools, combined with high-
throughput DFT calculations, are enabling the screening of
thousands of candidate compositions and are expected to play
a pivotal role in identifying the next generation of high-7; hy-
drides.

6. Conclusion

The study of high-pressure hydride superconductors is a
remarkable success story in modern condensed matter physics,
yet it remains challenging and its full potential is still unfold-
ing. Driven by the interplay of theory and experiment, the

field has progressed from the concept of chemical precom-
pression in 2004 to replicated synthesis in specialized high-
pressure experiments, and the tantalizing, albeit controversial,
claim of room temperature superconductivity. Key unifying
features — hydrogen-dominated electronic structures, char-
acteristic phonon spectra, and hydrogen cages — provide a
coherent framework for understanding and optimizing these
materials. Looking ahead, despite the long and uncertain road
from high- pressure discovery to ambient-pressure application,
the rapid progress of the past decade offers ample reason for
optimism. The integration of advanced computation, innova-
tive synthesis, rigorous characterization, and artificial intelli-
gence promises to accelerate discovery.
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