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It is a long-thought proposal that dense light-element molecular hydrides, such as diborane (B,Hg) and
methane (CHy,), offer an ideal platform to search for phonon-mediated superconductors. However, these hydrides
are often unstable under sufficiently high pressure, e.g., B,Hs decomposed into BH and H, at pressures of above
153 GPa, which are unlikely to exhibit high superconductivity. Here, we find a feasible route to stabilize these
light-element molecular hydrides with high superconductivity under high pressure by high-throughput structure
searches and first-principles calculations. We uncover a series of stable H-rich rare-earth (R) metal based
boron hydrides RB,H;, with polydiborane networks. Strikingly, YB,H;, is predicted to be a high-temperature
superconductor with unprecedentedly critical temperature (7;) of up to 93 K under 150 GPa. The present
findings open a route to stabilize the unstable diborane by bringing the additional R metals into the lattice under
high pressure, as well as tuning the superconductivity among diborane-based hydrides and other similar dense

light-element molecular hydrides.

DOLI: 10.1103/PhysRevB.110.L060514

The search for high-T, superconductivity among hydrogen-
rich compounds provides a unique route to discover high- or
even room-temperature superconductors due to the creation of
pressure-induced atomic hydrogen in the lattice, in which the
low mass of hydrogen possesses high Debye temperature and
high vibrational frequencies as well as strong electron-phonon
coupling [1,2]. Following this concept, numerous studies have
been devoted to the investigation of hydrogen-rich compounds
under high pressure [3—8], where there has been several break-
through progress in the system of binary hydrides, such as H3S
with a T, of 203 K below 200 GPa [9-11] and the R (Sc, Y, La,
Ce, Pr, etc.) based hydrides [12,13] with remarkable high T,
and clathrate-like caged networks of hydrogen atoms embed-
ded R atom. Moreover, with the rapid development of theory
and experiment techniques, ternary hydrides are also found
to become promising candidates for high-7;. superconductors
[14-20].

The light-element hydrogen-rich compounds, such as
boron or carbon hydride, in principle, should exhibit a rel-
atively high T, since these elements with low mass and high
Debye temperature, together with pressure-induced metalliza-
tion, which leads to strong electron-phonon coupling based
on Bardeen-Cooper-Schrieffer (BCS) theory. However, these
hydrides were not predicted with superior thermodynamical
stability under high pressure. For example, diborane (B,Hg),
as a typical molecular crystal with strong covalent bonds, were
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found to become unstable and decompose into BH and H,
at 153 GPa [21]. It is natural to ask if there is a feasible
way to stabilize this unstable B,Hg configuration, especially
for tuning it to be a superconductor under high pressure?
The recently works have proven that one possible solution
is to introduce unsaturation salt, such as the lower oxida-
tion rare-earth hydrides with strong Coulomb interaction and
the redundancy valence electrons, forming the steady salt
lattice for stabilizing these unstable light-element hydrides
under high pressure [22]. High-temperature superconduct-
ing hydrides at low pressures have also been found in the
La-B-H system, which also suggests that it is feasible to
achieve high-temperature superconductivity by the addition
of transition metals to the B-H system [23]. To this end, we
perform comprehensive exploration of the structural phase
diagrams of R (Sc, Y, Ho, Lu, etc.)-based hydrides with
H-rich species under high pressure by the CALYPSO struc-
tural search method [24,25] and first-principles calculations.
As a result, our simulations identify several stable structures
of RB,Hg and RB,H;y, where the B,Hg or BH, units are
found to become robustly stable in the lattice. Intriguingly,
compared with the original Bo,Hg, YB,Hj( is predicted to
become a high-temperature superconductor with the high-T7;
value of 93 K, at the same pressure of 150 GPa. These results
shed light on the further design and discovery of stabiliz-
ing unstable compounds with unique property under high
pressure.

We first calculate the formation enthalpies of the predicted
structures of RB,H, (R = Sc, Y, Ho, and Lu), which are
evidenced in the convex hull as shown in Figs. 1(a)-1(d) and
Supplemental Material Figs. S1— S4 [26]. The stabilities of
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FIG. 1. Trigonal phase diagrams of the R-B-H system at
150 GPa. (a) Sc-B-H, (b) Y-B-H, (c) Ho-B-H, and (d) Lu-B-H. Solid
red symbols denote the stable stoichiometries of RB,H,,.

RB,H,, (R = Sc, Y, Ho, and Lu) are well evaluated by the
decomposed chemical reactions with products of RB, and Hj,
where RB; are the most stable R diborides at corresponding
pressure [51-53]. Supplemental Material Figs. S5(a)— S8(a)
[26] show that RB,H remains stable relative to RB, and H
atoms in the pressure range of 50—150 GPa for RB,H,, (R =
Sc, Y, Ho and Lu). Besides, RB,H,, RB>Hs, RB,Hg, RB>H;
hydrides are also found to be thermodynamically stable in
the considered pressure range, and the hydrogen contents
for the stable stoichiometries are altered by choosing the R
metals with larger atomic number. Interestingly, for most RB,-
H hydrides, the ground structures are the same symmetries
for the same stoichiometries. The calculated stable pressure
ranges for various stoichiometries of RB,-H hydrides are sum-
marized, as shown in Figs. S5(b)- S8(b) [26]. Remarkably,
H-richer RB,H7 and RB,Hj( species exhibiting ideal dibo-
rane configurations are unexpectedly predicted, as shown in
Figs. 2(c) and 2(d).

In general, zero-point energy (ZPE) plays a critical role
in stabilizing the H-rich compounds. We have further inves-
tigated the relative stabilities of RB,H,, (R = Sc, Y, Ho and
Lu) considering the ZPE corrections. After the reexamination
of the phase transition orders of RB,H, (R = Sc, Y, Ho and
Lu) by the total energies with and without ZPE corrections at
150 GPa (Fig. S9 and Table S1 [24]), the results indicate that
there is almost no change for the phase transition orders of
our predicted structures. Moreover, a few phases of RB,H,
are found to become more stable after considering ZPE
corrections.

The planar B layers similar to graphene can be seen
in RB,H and RB,H;, hydrides, where RB,H maintains the
P2, /m structure in all considered pressure ranges, as shown in
Fig. 2(a). This structure consists of layered and six-membered
B rings and R-H chains along the b axis, with layers bridged
by sharing H atoms. RB,H; (see Fig. S10(a) [26]) possesses

FIG. 2. The predicted crystal structures of the energetically sta-
ble RB,H,, hydrides. (a) P2;/m phase of RB,H, (b) P2, phase of
RB,Hy, (c) PI phase of RB,H7, (d) P-1 phase of RB,H;. The dark
green, green, and pink spheres denote R, B and H atoms, respectively.

Pmna structure, which can be reviewed as two layers of B-H
networks and the R metal layer aligned along the c-axis direc-
tion. With increasing the content of H, the infinite zigzag B-B
chains are found in RB,H4 and RB,Hs. RB,Hy [see Fig. 2(b)]
adopts P2, structure, this structure can be regarded as the in-
finite zigzag chains of - - - BH-BHj - - - dimerics and puckered
R-H layers at pressure below 150 GPa. As pressure increases,
each H atom (proton) in BH units is bridged with two adjoin-
ing B ions, forming the B-H-B ionic bonds. However, the large
R atoms and the inequivalent charge distributions squeeze the
strong B-H-B networks, which eventually cause a puckered
plane of B,Hy. RB,Hs is stable with Pnam symmetry (see
Fig. S10(d) [26]). It is composed of R-H chains and infinite
zigzag BH,-BH, chains. Interestingly, the B,Hg units can
be also found in RB2H7 and RBzHl(). RB2H7 [F]g 2(0)] is
composed of R atoms, BoHg and isolated H atoms, by contrast,
and RB,Hj [Fig. 2(d)] consists of R atoms, H, molecules,
and B,Hg units arranged in layers along the ¢ axis. These
results motivate us to extend our theoretical calculations to
explore whether other R atoms can also stabilize the diborane
under high pressure. As a consequence, based on the predicted
ground state structures database of RB,H, (R = Sc, Y, Ho
and Lu), our simulations employing a high-throughput calcu-
lation on some other R (R = Tb, Dy, Er, Tm, Yb, U and Pu)
boron hydrides by substitution the R atoms into the ground
state structures of RB,H, (Figs. S11- S22 [26]) show that,
unsurprisingly, the B,Hg units are emerged in these R based
boron hydrides. Thus, stabilization of diborane under high
pressure by using R atoms is an effective avenue to stabilize
other light-element molecular compounds, such as H,O, CHy,
NHj3;, etc., under high pressure.

The planar B layers in RB,H and RB,H, are similar to the
B layers in MgB, superconductors [54]. However, their su-
perconductivity mechanisms are different from MgB,, which
are mainly contributed by the vibration of BH units. Un-
fortunately, the calculated 7. of YB,H, at 100 GPa is only
10 K, which is obviously lower than that of MgB, and other
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FIG. 3. The electronic properties of YB,H; at 150 GPa. (a) Energy bands and PDOSs of P-I phase of YB,H;y at 150 GPa. In the left
panel, the blue solid lines are electronic band structure of YB,H,o. The red dashed lines are those of YB,H,o in which all Y atoms are removed
from YB,H;y. The right panel presents the projected DOS of YB,Hjy. (b) Electron localization functions of B,Hg unit in P-/ phase of YB,Hjj.
(c) Calculated COHP and ICHOP of YB,H. (d) Calculated Fermi surfaces of YB,Hj.

RB,H, compounds containing the BH; units. Although the
BHj; structural unit appears in RB,Hy, unfortunately it is un-
stable in the energy curves, except for YB,H, and YbB,Hy
(Figs. S23— S31 [26]). As expected, there are some excep-
tions, like RB,Hs and RB,Hg, which are stable and also
contain BH3 units, but they are semiconductors due to their
ionic character (Figs. S32— S40 [26]). In addition to RB,Hy
exhibiting metallic properties, we can also see from Fig. 3(a)
that YB,Hy shows metallic behavior with bands crossing the
Fermi level, and the insertion of Y atoms significantly reduces
the band gap of Y¢B,H, increasing the occupancy of states
near the Fermi level, which is beneficial for enhancing the
superconducting properties of this system. Here, we do not
discuss the physical properties of RB,H, RB,H,, RB,Hs, and
RB,H5, but mainly focus on RB;H4 (R =Y, Tb and Yb) and
RB,H).

To examine the chemical bonding of RB,H, and RB,H;y,
we calculate the electron localization functions [36] as shown
in Figs. S41 [26] and 3(b). Two weakly covalent B-H and
B-B chemical bonds are visible through the observed charge
localization between B atom and its nearest-neighbor H atoms
in BH and BHj units for the ground state structure, i.e., the

P2, phase, of YB,H, at 100 GPa. The nearest distances of
B-H are 1.36 A and 1.15 A in BH and BH; units and the
B-B separations are 1.6-1.8 A, which are similar to those in
diborane [49]. As for YB,H,( at 100 GPa, the bond lengths
of B-H are in the range of 1.14-1.18 A in BHj; units, and
the B-B bond lengths are 1.61 A, also similar to those in
diborane. To further confirm covalent bonding of B-H and
B-B bonds in BH and BHj units of YB,Hs and YB,Hj,
we perform the crystalline orbital Hamiltonian population
calculations [55]. The results are shown in Figs. 3(c) and S42
[26], which distinctly reveal the occupancies of B-H and B-B
bonding states, supporting for the existence of B-H and B-B
covalent bonds in YB,H, and YB,H,o. Moreover, the obvious
charge transfer behaviors from R atoms to BH or BH; units are
observed from the Bader charge analyses [35] (Fig. S43 and
Table S2 [26]). The charges on BH or BH3 units are almost
unchanged with the increase of H contents, and the charge
values of R atoms are varied from 1.0 e to 1.4 e. Meanwhile,
the Fermi surface of YB,Hjy at 150 GPa [Fig. 3(d)] shows
symmetrically distributed electron pockets up and down near
the Y /L point. The strong electron-ion interactions cause the
large Madelung energies of the ionic components of R metals
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FIG. 4. (a) The phonon dispersion curves, the PHDOS, and the Eliashberg phonon spectral function of @*F(w), and the electron-phonon
integral of A(w) of the P-1 phase of YB,H,, at 150 GPa. (b) The calculated 7. of RB,H;o (R =Y, Ho, Er, Tm, Lu, and Yb) at 150 GPa and

ScB,Hj at 100 GPa.

and B,Hg units, which enhance the stabilities of YB,H, and
YB,H /o under high pressure. In addition, the R atoms provide
abundant valence electrons to the BH or BH53 units, which
result in the metallic character of BH or BH3, and eventually
induce the superconductivity of RB,H4 and RB,H;.

To explore the thermodynamical mechanisms of R atoms
stabilizing the above structures with BH or B,Hg units, we
take YB;,-H hydride as an example to calculate the internal
energies (AU), the enthalpies (AH), and the pressure-volume
term (APV) at 150 GPa. The APV increase with the increas-
ing of H contents, by contrast, the U is decreased as shown
in Fig. S44 [26]. The H-rich stoichiometries of YB,H,4 and
YB,H; containing B,Hg units with diborane-type structures
tend to become stable and lie on the convex hull.

The calculated electronic band structures and densities of
states (DOS) of RB,H4 and RB,H;( are shown in Figs. S32—
S40 [26]. The electronic DOS at the Fermi level is dominated
by the contributions from R atoms, BH and BH3 units, which
indicate the metallic and potential superconductors of RB,Hy
and RB,H;o with BH and B,Hg units. Furthermore, we found
that BH and BH3 units contribute 58% of the total density of
states (TDOS) at the Fermi level in YB,H4, and BHj3 units
contribute 60% in YB,H;o. We then use the Allen-Dynes
modified McMillan equation [56] to simulate the supercon-
ductivities of RB,H4 and RB,H/( containing the B,Hg units
using the calculated logarithmic average frequency (wo) and
typical Coulomb pseudopotential parameters (u*) from 0.1
to 0.13. The phonon dispersion curves, phonon density of
states (PHDOS), and spectral function a’F(w) together with
the electron-phonon integral A(w) of YB,Ho are shown in
Fig. 4(a). For YB,H;o, the EPC calculation yields a moderate
A of 0.68 at 150 GPa, which is benefited from the large B and
H-PDOS and high frequency vibrations (above 10 THz) due
to the existence of the BoHg units. The simulated 7, values
are 93 K (61 K for (u*) = 0.13) for YB,H;y at 150 GPa
and 21 K [16 K for (u*) = 0.13] for YB,H, at 100 GPa,
respectively. The calculated 7. of HoB,Hjy reaches 53 K
using (u*) = 0.1 at 150 GPa. Thus, we further investigate the
superconductivity of other H-rich compounds containing the
B,Hg units, as shown in Fig. 4(b). The predicted 7, values of

ErB,H9, TmB,H;, and LuB,H; are as high as 52 K, and the
calculated T, values of YB,H, and TbB,Hy are about 20 K.

The integration of experimental synthesis with theoretical
prediction is crucial for advancing the development of high-
temperature superconductors. Recently, the experimental
synthesis of LaB,Hg [57] high-temperature superconducting
hydride has been reported. This aligns with our discussion
of the enthalpy of formation of YB,H;o under different
pathways, as shown in Figs. S6 and S24 [26]. The optimal
synthetic precursors for the experimental synthesis of YB,H;g
would be the combination of YB,H7 with hydrogen. However,
obtaining the initial sample of YB,H7 is challenging, as it
is a product of YB, and hydrogen. Therefore, we could ob-
tain the YB, compound through target magnetron sputtering,
combine it with ammonia borane, and synthesize YB,Hjq
using a diamond anvil cell reaction. Alternatively, the same
experimental method used for the high-temperature supercon-
ducting hydride LaB,Hg could be adopted, where the Y and
B elements are loaded between diamond anvil cell and pre-
pared by laser heating for high temperature and high pressure
reaction.

In summary, we have performed extensively first-principles
structure searches on the H-rich R boron hydrides under high
pressure. The stabilities and superconductivities of diborane-
based compounds with stoichiometry of RB,Hy under high
pressure are achieved by the added R atoms. The high-T,
superconductivities of RB,H( originate from the large elec-
tron density of states at the Fermi level derived from B and
H atoms and the strong electron-phonon coupling related
to the motions of B-H and B-B within molecular diborane.
Most importantly, YB,H;g is predicted to be a potential high
temperature superconductor with 7, values up to 93 K under
150 GPa. These findings present an effective route to stabilize
and metallize diborane under high pressure, which offer key
insights for future experiments on synthesis and design of
novel high-T. superconductor.
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