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Through laser-heated diamond anvil cell experiments, we synthesize a series of rubidium superhydrides
and explore their properties with synchrotron x-ray powder diffraction and Raman spectroscopy
measurements, combined with density functional theory calculations. Upon heating rubidium monohydride
embedded in H2 at a pressure of 18 GPa, we form RbH9-I, which is stable upon decompression down to
8.7 GPa, the lowest stability pressure of any known superhydride. At 22 GPa, another polymorph, RbH9-II
is synthesised at high temperature. Unique to the Rb-H system among binary metal hydrides is that further
compression does not promote the formation of polyhydrides with higher hydrogen content. Instead,
heating above 87 GPa yields RbH5, which exhibits two polymorphs (RbH5-I and RbH5-II). All of the
crystal structures comprise a complex network of quasimolecular H2 units and H− anions, with RbH5

providing the first experimental evidence of linear H−
3 anions.

DOI: 10.1103/PhysRevLett.134.196102

Compression can profoundly change the electronic
structure of materials, enabling the synthesis of novel
compounds with unusual properties. In particular, high
pressure has proven to be a very effective method to
produce new materials with unusually high hydrogen
content, or “superhydrides,” some of which have exhibited
high temperature superconductivity [1–4]. However, the
vast majority of the known superhydrides require pressures
above 100 GPa for their synthesis, with UH7 having the
lowest stability pressure of ∼35 GPa [5,6].
The alkali metals have long been promising hosts to form

superhydrides at comparatively lower pressures [7–11].
Despite the theoretical efforts in the prediction of these
polyhydride structures, experimentally these compounds
have seldom been explored and proved difficult to synthe-
size. Heating LiH at 130 GPa was claimed to induce a
disproportionation into unidentified lithium polyhydrides
containing H2 units; however, in another study, no reaction

between LiH and H2 was observed up to pressures of
160 GPa at room temperature [12,13]. Two sodium poly-
hydrides, NaH3 and NaH7, were reported to form after laser
heating NaH in a hydrogen medium at 40 GPa [14].
However, subsequent reports found NaH3 to be the only
stable phase between 14 and 80 GPa and attributed NaH7 to
be a misidentified CH4-H2 compound formed through
sample contamination [15,16].
More promising candidates are the heavier alkali metal

hydride systems, Rb-H and Cs-H, which are predicted to
form compounds with high hydrogen content at pressures
as low as 2 GPa, the lowest synthesis pressure of any binary
metal superhydride [10,11,17]. Elemental rubidium reacts
with hydrogen at ambient conditions to form RbH-I which
adopts a face-centered cubic (fcc) crystal lattice [18]. Upon
compression, RbH-I undergoes a phase transition to primi-
tive simple cubic RbH-II above 2.2 GPa, before transforming
to orthorhombic RbH-III at 85 GPa [18,19]. Experimentally,
it remains unknown whether further reactions between any
of the RbH phases and H2 occur at high pressure.
Density functional theory (DFT) calculations predicted

that RbH9 with space group Pm should be stable at
pressures between 2–20 GPa, while above this pressure,
P63=mmc-RbH9 should be stable up to 100 GPa [10]. At
pressures above 20 GPa, RbH5 with Cmcm space group is
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predicted to be on the convex hull. While calculations
indicated that the lowest point on the convex hull (structure
with the most negative enthalpy of formation, ΔHF) was
RbH9 at 10 GPa [10], by 20 GPa the magnitude of ΔHF for
the formation of Cmcm-RbH5 was computed to be larger.
This trend, where the hydrogen content in the lowest point
on the convex hull decreased with increasing pressure, is
unique to the alkali metal polyhydrides [8].
Interestingly, the crystal structure of the predicted

Cmcm-RbH5 comprises Rbþ cations, quasimolecular H2

units, and linear H−
3 anions. Although the triangular

Hþ
3 cations have been known since Thomson’s early

studies [20,21], the existence of H−
3 was only first reliably

confirmed in discharge plasma experiments [22]. Thus
from a chemical perspective, there is considerable interest
in forming a crystalline lattice possessing H−

3 ions,
which stabilize in a linear configuration. Despite the
rich variety of predicted compounds and properties,
together with routinely accessible synthesis conditions,
the rubidium-hydrogen system has yet to be fully
explored experimentally.
In this Letter, we report on the synthesis of rubidium

superhydrides in a series of laser-heated diamond anvil cell
experiments and study them through synchrotron x-ray
diffraction and Raman spectroscopy measurements in
combination with DFT calculations. Heating rubidium
monohydride, RbH-II, in an H2 medium at pressures of
18 GPa yields one polymorph of the RbH9 superhydride,
RbH9-I, while heating at higher pressures of 22 GPa
forms RbH9-II, both of which have crystalline structures
comprising quasimolecular H2 units, Rbþ cations, and H−

anions. Upon decompression, RbH9-I is stable down to
8.7 GPa, the lowest pressure of stability of any super-
hydride found to date. Surprisingly, compression above
87 GPa and laser heating did not result in the formation of
hydrides with higher hydrogen content. Instead, we
observe the formation of an RbH5 polymorph, RbH5-II,
which transforms to RbH5-I upon decompression. Both
RbH5 phases exhibit the Raman signatures of linear H−

3

units. This is the first observation of H−
3 ions in a

crystalline lattice.
Due to its reactivity in air, rubidium (99.75% purity, Alfa

Aesar) was loaded into diamond anvil cells (DACs) in an
inert argon atmosphere. The sample chamber was hermeti-
cally sealed and the DAC was transferred to a high-pressure
gas loading apparatus, whereby hydrogen (99.9995%
purity, BOC) was loaded at a pressure of 0.2 GPa.
Hydrogen was always in excess, serving both as a reagent
and the pressure-transmitting medium. Pressure was deter-
mined either through the equation of state of gold in x-ray
diffraction measurements [23] or by Raman measurements
through the intramolecular vibrational (vibron) frequency
of excess H2 [24]. A complete description of the exper-
imental and computational methodology together can be
found in the Supplemental Material (SM) [25].

After hydrogen was loaded into the sample chamber, the
Rb metal precursor converted into transparent RbH on the
timescale of a few minutes and, as expected, no Raman
activity was observed for either RbH-I or RbH-II [18].
Upon compression at 297 K, the bulk RbH-II does not react
further with excess H2 up to at least 94 GPa, as evidenced
by x-ray diffraction [the VðPÞ data for RbH are shown by
the red crosses in Fig. 2(a)]. In contrast to previous work,
we did not observe a transformation from RbH-II to a RbH-
III phase at 85 GPa. This could be attributed to a lack of
hydrostaticity in previous data [18].
Laser heating RbH-II in an H2 medium at pressures

between 18 and 22 GPa to temperatures in excess of
1500 K produced a new hydride [Fig. 1(a)]. Rietveld
refinement of its crystal structure indicates that the Rb
atoms adopt a slightly distorted hexagonal close-packed
(hcp) metal lattice with space group Cmcm and four atoms
per unit cell (see Fig. 1(a) and Table SMII for lattice
parameters [25]). The reaction is associated with a large
volume increase of 32.9 Å3=Rb atom at 19 GPa, and we
estimate this hydride to have an RbH9 composition using
the volume of H2 from Ref. [53]. As such, we henceforth

(a)

(b)

(c)

(d)

FIG. 1. Representative x-ray powder diffraction patterns and
the results of the Rietveld refinements of (a) RbH9-I at 28 GPa
(brown), (b) RbH9-II at 22 GPa (orange), (c) RbH5-I at 50 GPa
(dark blue), and (d) RbH5-II at 98 GPa (light blue). The
experimental data are shown by the black curves, and the
refinement residuals are shown by the gray curves. The calculated
contribution from RbH-II is shown in red, while ReH (from the
gasket) is in green.

PHYSICAL REVIEW LETTERS 134, 196102 (2025)

196102-2



refer to this phase as RbH9-I. The VðPÞ data, shown by the
brown circles in Fig. 2(a), fit well with a Birch-Murnaghan
equation of state, shown by the dashed brown line,
suggesting that this phase has pressure-independent com-
position (see Table SMIII for equation of state parameters
[25]). Decompression of RbH9-I at room temperature
results in the decomposition into RbH-II at 8.7 GPa.
This is the lowest pressure of stability of any known
superhydride. The absence of any decomposition products
other than RbH and H2 confirms that RbH9-I is a binary
rubidium hydride (see Fig. SM2 [25]).
Laser heating either RbH-IIþ H2 or RbH9-Iþ H2

between 22 GPa and 56 GPa results in the formation of
another polymorph, RbH9-II. X-ray diffraction reveals that
the Rb atoms are arranged in a primitive simple hexagonal
lattice with the space group P6=mmm [Fig. 1(b)]. This
phase is marginally denser than RbH9-I, and at 24 GPa its
atomic volume is smaller by 0.8 Å3=Rb atom, suggesting
that their compositions are similar [see dashed orange curve
in Fig. 2(a)]. Upon compression at room temperature,
RbH9-II persists up to at least 101 GPa, while upon
decompression it transforms back to RbH9-I at 14 GPa
(Fig. SM2 [25]).
Due to negligible x-ray scattering by hydrogen atoms

compared to the heavy Rb host, x-ray diffraction measure-
ments cannot resolve the hydrogen positions in the crystal
structure. As such, we have performed a constrained

DFT-based crystal structure search for stable structures
in the Rb-H system up to 100 GPa using the XTALOPT
evolutionary algorithm [54,55] interfaced with VASP
[56,57], and employing the GGA-PBE parametrization
(see SM for details [25,58]). The calculated convex hulls
of the Rb-H system at selected pressures are shown in
Fig. 2(b). At pressures between 15 and 50 GPa, we find a
structure with space group Cccm [Fig. 2(d)], Table SMIV
[25]) with a formation enthalpy that lies on the hull. This
structure has a Rb sublattice very similar to that exper-
imentally observed for RbH9-II (P6=mmm), but with a
small orthorhombic distortion. This distortion could be
explained by our neglect of the quantum and anharmonic
nature of the light hydrogen nuclei in our DFT calculations
[59]. RbH9-II and the theoretically predicted Cccm-RbH9

have similar atomic volumes, as shown by the solid and
dashed orange curves in Fig. 2(a), and c=a ratios in the
hexagonal axes. Furthermore, our calculations find another
RbH9 polymorph with the space group Cmc21 and a Rb
sublattice similar to that of RbH9-I [Fig. 2(c), Table SMIV
[25]). This Cmc21-RbH9 structure is 15 meV=atom above
Cccm-RbH9 on the convex hull at 10 GPa at 0 K and within
the clamped nuclei approximation [Fig. 2(b)]; however,
both temperature and pressure can affect the relative
stability (Fig. SM13 [25]). The atomic volumes of
Cmc21-RbH9 and the experimentally observed RbH9-I
(Cmcm) are comparable, as shown by the solid and dashed

(a) (b) (c) (d)

(e) (f)

FIG. 2. (a) Volume as a function of pressure for the observed rubidium hydrides (top) and their b=a and c=a ratios (bottom). The
dotted red curve shows the literature VðPÞ data for RbH [18,19], dashed curves indicate the Birch-Murnaghan fits with parameters listed
in Table SMIII in Supplemental Material [25], and solid curves show the DFT predictions. Vertical arrows show minimal pressures at
which the phase transitions were observed upon compression after heating and maximal pressures at which they were observed upon
decompression. (b) Formation enthalpies (ΔHF) predicted by DFT for rubidium polyhydride phases (represented as different symbols)
with respect to RbHþ H2 at 10 GPa (black), 20 GPa (blue), 50 GPa (green), and 100 GPa (red). Solid lines illustrate the convex hull.
Calculated ELF plots for (c) Cmc21-RbH9 at 20 GPa, (d)Cccm-RbH9 at 50 GPa, (e) Cmcm-RbH5 at 50 GPa, (f) Pnn2-RbH5 at 50 GPa.
Cmcm-RbH5 possesses a linear symmetric H−

3 anion represented by atoms denoted H2, H3, and H3’. Pnn2-RbH5 possesses an
asymmetric H−

3 anion comprised of atoms denoted H3, H4, and H5.
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brown curves in Fig. 2(a). Thus, Cccm-RbH9 and
Cmc21-RbH9 can serve as good approximants for the
synthesized RbH9-II and RbH9-I phases, respectively.
Among all known binary hydride systems, higher

pressure conditions generally facilitate further hydrogena-
tion. Unique to the Rb-H system is that higher pressures do
not promote the formation of even higher hydrogen content
hydrides, but upon heating above 87 GPa, RbH9-II partially
decomposes into a new compound, which we denote as
RbH5-II. To the best of our knowledge, this represents the
first experimental realization of pressure-induced decom-
position in metal hydrides. Rietveld refinement of the
RbH5-II crystal structure [Fig. 1(d)] reveals a β-Sn-type
metal lattice with an orthorhombic distortion, space group
Imma [Fig. 1(d)]. RbH5-II is stable upon compression to
at least 103 GPa [Fig. 2(a)], while upon decompression
below 35 GPa it undergoes a structural transition to another
polymorph, RbH5-I (Fig. SM4 [25]). The XRD pattern of
RbH5-I, shown in Fig. 1(c), is well described by the
orthorhombic Cmcm-RbH5 crystal structure, previously
predicted in Ref. [10]. The crystal structure of RbH5-I
[Fig. 2(e)] is reminiscent of RbH9-I; however, the atomic
volume of RbH5-I is much smaller and the distortion of the
hcp lattice of metal atoms is much larger (Table SMII) [25].
Comparison of the atomic volumes demonstrates that
RbH5-I is marginally less dense than RbH5-II across the
studied pressure range [dark and light blue dashed curves
in Fig. 2(a)]. We also found that RbH5-I could be formed
between 38 and 56 GPa if the amount of H2 is insufficient
to promote the formation of RbH9-II. RbH5-I persists upon
room-temperature compression up to at least 92 GPa, while
upon decompression it transforms to RbH9-II and RbH-II
below 21 GPa (Fig. SM5 [25]).
Our DFT calculations indicate that RbH5-I lies on the

convex hull between 20 and 100 GPa [Fig. 2(b)], while
a computational search for structural candidates for
RbH5-II found a hypothetical compound with Pnn2 space
group [Fig. 2(f), Table SMIV [25]). Although consistent
with the x-ray diffraction data, this compound is about
20 meV=atom above Cmcm-RbH5 on the convex hull at
100 GPa [red diamond and triangle in Fig. 2(b)].
Nevertheless, a reasonable agreement between the exper-
imental [dashed light blue curve in Fig. 2(a)] and predicted
(solid light blue curve) volumes of RbH5-II verifies the
assignment of its hydrogen content.
All of the synthesized rubidium superhydrides exhibit

rich Raman activity [Fig. 3(a)], dominated by modes
between 3700 and 4300 cm−1, which are characteristic
of hydrides hosting quasimolecular H2 [60]. In addition
there are complex spectra in the region below the diamond
Raman line at 1330 cm−1, which are attributed to librons of
trapped quasimolecular H2. At low pressures, the Raman
spectra of both RbH9 phases are dominated by two intense
H-H stretching modes, which differ in frequency due to
differing molecular environments. RbH9-I exhibits an

intense H-H stretching mode at ∼3825 cm−1 at 20 GPa,
which softens with pressure up to 30 GPa, after which it
increases in frequency, and another mode at ∼4070 cm−1,
which hardens with pressure [brown circles in Fig. 3(b)].
RbH9-II also has two H-H stretching modes (3860 &
3920 cm−1 at 30 GPa), which harden and merge upon
compression [orange squares in Fig. 3(b)]. The calculated
Raman spectra of Cmc21-RbH9 and Cccm-RbH9 are in
qualitative agreement with that observed experimentally for
RbH9-I and RbH9-II (see Fig. SM12 [25]).
In contrast to the RbH9 phases, the H2 vibron in

the RbH5 phases continuously softens with pressure [dark
blue triangles and light blue diamonds in Fig. 3(b)].
Additionally, the Raman spectrum of RbH5-I exhibits
low intensity modes at 1590, 1960, and 2150 cm−1 [out-
lined with a black rectangle in Fig. 3(a)] that can be
assigned to the bending, antisymmetric and symmetric
stretching modes of linear H−

3 anions, respectively [10].
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FIG. 3. (a) Representative Raman spectra of RbH9-I (brown) at
22 GPa, RbH9-II at 37 GPa (orange), RbH5-I at 79 GPa (dark
blue), and RbH5-II at 71 GPa (light blue). The calculated Raman
spectrum of Cmcm-RbH5 at 50 GPa is shown as a dashed dark
blue line, while the calculated Raman spectra of the other phases
can be found in Fig. SM12 [25]. Raman excitations from the
diamond anvils are highlighted by the gray shaded areas, gray
asterisks indicate the vibron from the excess H2 medium, and the
orange asterisk indicates trace RbH9-II. (b) Raman shift as a
function of pressure of the vibrons attributed to quasimolecular
hydrogen and H−

3 units within the rubidium lattices. The gray
symbols correspond to the vibron frequency of the surrounding
H2 medium, while the gray line is the frequency of pure H2 from
prior studies [24]. The pressure dependence of the low frequency
modes are given in Fig. SM3 [25].
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This signature is also observed for RbH5-II, albeit at
slightly different frequencies, indicative of differing
molecular environments. This is the first experimental
observation of H−

3 units in the solid state. It is interesting
to note that in typical linear triatomic molecules, like CO2,
the antisymmetric stretching mode has a higher frequency
than the symmetric one, in contrast to what is predicted
for H−

3 in Cmcm-RbH5. According to our calculations, the
shortest H-H interatomic distance in the H−

3 anions,
rðH-HÞ ≈ 0.95 Å is larger than that in quasimolecular
H2 units, rðH-HÞ ≈ 0.79 Å at 50 GPa in Cmcm-RbH5.
This explains the lower vibrational frequencies of H−

3

compared to those of the hosted H2 units. We have
calculated the electron localization function (ELF) and
the integrated crystal orbital Hamilton population
(-ICOHP) to explore the chemical bonding of the hydrogen
motifs. In both RbH9 phases there are H2 units and isolated
H−, while both the calculated ELF and -ICOHP clearly
shows the presence of H2 and symmetric H−

3 units in
Cmcm-RbH5. In Pnn2-RbH5 there are weaker bonded
assymetric H−

3 units (see Fig. 2(f) and Table SMVI [25]).
This H−

3 anion has one short bond (H3-H4, bond distance
0.867 A) and one long one (H4-H5, bond distance 1.128 A)
at 50 GPa.
Both the alkali and alkaline earth hydrides have been

predicted to possess symmetric H−
3 units; however, exper-

imental studies did not observe spectroscopic signatures
[9–11,61–64]. This may be because the H−

3 units are a
result of transient molecularization between H2 and H− and
the lifetime is shorter than the Raman effect, or because
they are not stable [64]. In the case of RbH5, the H−

3 are not
only observable in the timescale of the experiment, but the
linewidths of the Raman bands (which are indicative of
lifetime) are on the order of the hosted H2 mode, demon-
strating that it is nontransient.
Recently, rubidium superhydride phases were claimed to

form as the disproportionation products of RbNH2BH3;
however, the interpretation of the results were heavily
based on this present study [65,66]. The Rb-H phases
reported were observed between 1.8 GPa and 8 GPa, below
the stability field of any binary rubidium superhydride
found here, and their crystal structures are inconsistent with
our reported x-ray diffraction data [25]. Nevertheless, the
rubidium-hydrogen system is the first to produce super-
hydride phases at pressures within the accessibility regime
of large-volume high pressure chambers, such as the Toroid
[67] and the Paris-Edinburgh press [68]. This presents an
opportunity for neutron scattering studies to explore further
the diverse hydrogen species within these fascinating
materials.
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