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The recent synthesis of the superhydride LaB,Hg, which exhibits a superconducting transition temperature (7;) of
106 K at 90 GPa, offers a promising avenue for exploring high-temperature superconductivity. However, the underlying
superconducting mechanism remains elusive. Here, we employ first-principles calculations to systematically investigate the
electronic structure, lattice dynamics, electron—phonon coupling, and molecular-orbital features of LaB,Hg. Our analysis
reveals that the structural stability and metallic conductivity primarily originate from the covalent B-H bonds within the
B,Hg units. Furthermore, we observe a pronounced softening of low-frequency phonons at elevated pressures, which
induces strong electron—phonon coupling and serves as the key driving force for superconductivity in this system. This work
not only elucidates the superconducting mechanism in LaB,Hg but also highlights the importance of covalent hydrogen-

based motifs in designing new high-7; superconductors.
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1. Introduction

Superconducting materials, characterized by their zero
electrical resistance and complete diamagnetism under spe-
cific conditions (typically at low temperatures), possess
transformative potential across diverse fields, from medi-
cal imaging to power transmission.!!=3] The pursuit of high-
temperature superconductors thus remains a central objective
in condensed matter physics, motivating extensive theoreti-
cal and experimental efforts.[*!7] A major breakthrough came
with the theoretical prediction by Wang er al.['8] of CaHg, a
hydride featuring a unique Hp4 caged framework identified via
the CALYPSO structure-searching method.!'®?° This work
established the hydrogen-caged framework paradigm and in-
augurated a new era for hydrogen-based superconductors. The
subsequent experimental synthesis of CaHg confirmed its ex-
ceptional superconductivity, showing a critical temperature
(T.) of 215 K at 172 GPa.!!>16] Inspired by this achievement,
a growing number of theoretically predicted binary metal hy-
drides with clathrate structures have been experimentally ver-
ified, such as LaHjo,2172* YHg,[2125-28] and YH,.[2125:26]
Among them, LaH( stands out, holding a record-high T.. of
~ 260 K at 200 GPa.[23-24]

Driven by the goal of room-temperature superconductiv-
ity, the research field has increasingly turned to ternary hy-
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drides. Their complex potential energy surfaces enable en-
hanced structural diversity, which theoretically supports more
stable, high-T. phases compared to binary hydrides. Un-
doubtedly, a series of clathrate ternary hydrides have emerged,
revealing excellent superconducting properties.>*-30! Strik-
ingly, a landmark achievement was reported in 2025 with the
experimental synthesis of LaScyHa4,?31 a clathrate hydride
previously predicted by Liu et al. 3% to host room-temperature
superconductivity. The measured 7; of 298 K at 250-260 GPa
confirmed this prediction, marking the first-ever realization
of room-temperature superconductivity and fulfilling a long-
standing dream of condensed matter physics.

Clathrate hydride-based superconductors inherently pos-
sess the gene of high-temperature and even room-temperature
superconductivity. Yet the remaining challenge is their ex-
treme synthesis pressure (> 200 GPa), which hinders the path
toward practical utilization. Early investigations on ternary hy-
drides such as BaReHg 7391 and LisMoH;; %! uncovered a
class of materials stabilized by hydrogen-based covalent units
at relatively low pressures. Although these early systems
exhibited only low superconducting transition temperatures
(T. <7K), they revealed a crucial insight: hydrogen-based co-
valent motifs can effectively stabilize hydride structures under
moderate pressures, rendering them promising structural mo-
tifs for designing high-T; superconductors under near-practical
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conditions.

Inspired by this concept, subsequent research has aimed
to identify ternary hydrides that preserve such covalent frame-
works while delivering higher 7;. A significant advance was
achieved in 2023 with the synthesis of LaBeHg, [*!! which fea-
tures hydrogen-based covalent molecular motifs and attains
a T, of 110 K at 80 GPa — setting a record among ternary
hydrides below 100 GPa. Concurrent theoretical efforts pre-
dicted several other promising systems, such as Mg,IrHg, [*?]
predicted to have a T, of 160 K at ambient pressure. KB,Hg,®!
with two methane-like BHy units, exhibits a 7; of 134-146 K
around 12 GPa by prediction. LaBHg,”*! which is isostruc-
tural to LaBeHg and is predicted to reach a 7; of 126 K at
50 GPa, also shows enhancement attributed to the stronger co-
valency of the B—H bonds. These developments have natu-
rally drawn attention to the LaBH system. In 2024, another
phase in this system, LaB,Hg (14 /mmm), was experimentally
synthesized.*¥ This compound also incorporates B-H cova-
lent motifs and shows a 7; of 106 K at 90 GPa. The emergence
of multiple superconducting phases in the LaBH system high-
lights its structural versatility and reinforces the value of cova-
lent hydrogen-based motifs in the search for high-temperature
superconductors viable at near-practical pressures.

While ternary hydrides featuring covalent hydrogen mo-
tifs demonstrate impressive 7; values at moderately reduced
pressures, the fundamental principles governing their stability
and superconductivity continue to pose a compelling scientific
question. In pursuit of answers, this work focuses on LaB,Hg
to systematically elucidate the origins of its superconducting
behavior and structural stability. Recently, our research group
utilized molecular orbital (MO) analysis to explain the super-
conducting mechanism in the structural analog, LaBeHg. !
LaB;,Hg likewise contains well-defined molecular units, mak-
ing it an ideal candidate for a parallel MO-based investigation.
Such an analysis can reveal the orbital and electron distribu-
tion within the hydrogen-rich anionic units, shedding light on
the electronic foundation of its conduction behavior. A defini-
tive understanding of this mechanism will establish a corner-
stone for the rational design of new superconductors, offering
valuable candidate materials to accelerate the development of
practical superconducting technologies.

2. Methods

The structural optimization and electronic properties of
LaB,Hg were calculated using the Vienna ab Initio simula-
tion package (VASP),[0! which employs a plane-wave ba-
sis set within the framework of density functional theory
(DFT).7 The electron—ion interactions were described us-
ing the projector augmented wave (PAW) pseudopotential
method. The Perdew—Burke—Ernzerhof (PBE)[#8! exchange—
correlation functional, a generalized gradient approximation

(GGA) method,*! was utilized for the electronic structure
calculations. A kinetic energy cutoff of 600 eV was applied,
and a I"-centered k-point mesh with a density of 277 x 0.02 A~!
was generated by the vaspkit code.>®! The k-point mesh den-
sity is 14 x 14 x 14 for the primitive cell of LaB,Hg. The bond
formation analysis was performed using the integrated crys-
tal orbital Hamiltonian population (ICOHP) method, lever-
aging the LOBSTER code.!l The energy band structure
was calculated along the high-symmetry path generated us-
MO and their corre-

sponding visualized wave functions in real space were de-
[50

ing the Materials Studio software.
rived using the vaspkit code.’"! Additionally, the electron—
phonon coupling (EPC) and superconducting properties of
LaB,Hs were investigated using density functional perturba-
tion theory (DFPT)P?! at 210 GPa, as implemented in the
Quantum-ESPRESSO (QE)>3! software package. Ultrasoft

pseudopotentials >4

with a kinetic energy cutoff of 100 Ry and
a charge density cutoff of 960 Ry were employed in these cal-
culations. The charge density was integrated on a Methfessel—
Paxton 28 x 28 x 28 k-point mesh, and a g-point mesh of
7 x 7 x 7 was used. The superconducting critical temperature
(T¢) was determined using the Allen—Dynes modified McMil-

lan equation!®! and Eliashberg equations. °°!

3. Results
3.1. Structure and electronic properties simulation

We begin by analyzing the crystal structure of the newly
synthesized LaB,Hg, which crystallizes in the 4 /mmm space
group (Fig. 1). Within the [B,Hg]*>~ unit, the H-H distances
measure 1.64 A and 2.05 A, with the shortest being 1.14 A.
To further investigate the chemical bonding in LaB,Hg, we
performed simulations using the electron localization function
(ELF) and the ICOHP. As shown in Fig. S1, localized electron
densities are observed between H atoms separated by 1.14 A
and 1.64 A, with corresponding ELF values of ~ 0.55 and
~ 0.57, respectively. The corresponding ICOHP values for
these H-H interactions are 1.0 and 0.0 (Table S1 and Fig. 2),
significantly lower than those for the B-B bond (8.2) and the
B-H bonds (5.7). The ELF results (Fig. 2(b)) further confirm
covalent bonding between boron and hydrogen atoms, while
the lanthanum atoms engage ionically with their surrounding
atoms. Collectively, the ELF and ICOHP analyses establish
the [BoHsg]?>~ unit as a covalent molecular motif, and the com-
pound can be best described as La** [B,Hg]* .

To determine the value of “x”, which is crucial for un-
derstanding the electronic properties of the [BoHg]*~ unit, we
performed an electronic density of states (DOS) analysis. The
results shown in Fig. 3(a) reveal a nearly vacant La 6s orbital,
indicating the transfer of two electrons from La to the [BoHg]
unit. This leads to the conclusion that x = 2. At the Fermi
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level (Ef), the DOS is predominantly contributed by hydrogen,
a feature often associated with high-temperature superconduc-
tivity. However, structural analysis reveals that, unlike in the
high-T; superconductor LaH g, the hydrogen atoms in LaB,Hg
do not form a cage-like framework. Thus, although both sys-
tems exhibit hydrogen-dominated DOS at Ef, the underly-
ing superconducting mechanism in LaB,Hg is distinct from
that characteristic of hydrogen-cage superconductors such as
LaH;y and CaHg.
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Fig. 1. The stoichiometric ternary hydride LaB,Hg consists of La atoms
and B, Hg units.
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Fig. 2. (a) ELF map on the [1 0 0] crystal face. (b) ICOHP of LaB,Hg.
The dashed line indicates that B-B and B-H bonds are strong covalent
bonds.

To gain a deeper understanding of the electronic proper-
ties of LaB,Hg, we conducted electronic band structure sim-
ulations. Given the high symmetry and significant covalent
character of the [B;Hg]*~ unit, MO theory offers an elegant
framework for interpreting its electronic structure. From the
calculated band structure, we extracted the real-space wave
functions at the I" point, which directly correspond to the
molecular orbitals of the [ByHg]?~ unit. As shown in Fig. 3(b),
the molecular orbitals of the [B,Hg]?~ unit give rise to nine
electronic bands in the energy range from —18 eV to 5 eV,
with states Ay, Boy, Aoy, Ajg, Eg, Big and E,. All occupied
orbitals are bonding orbitals, explaining the exceptional sta-
bility of the strongly covalent [B,Hg]>~ unit. Notably, only
two bands derived from the half-filled E, states cross Ey, as

shown in Fig. 3(c). This clarifies the metallic behavior of the
compound and accounts for the dominant contribution of hy-
drogen to the density of states at Er. In essence, the [BoHg]*~
unit mimics the electronic behavior of atomic metallic hydro-
gen; therefore, the compound is endowed with the potential
for superconductivity.
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Fig. 3. (a) The orbital-projected density of states (PDOS) of LaB,Hg at
175 GPa. (b) Electronic band structure of LaB,Hg. (c) MO diagram of
the [ByHg] >~ hydride units in LaB,Hg. The dashed line in panels (a) and
(b) indicates a hydrogen-dominated E. In panel (b), the radii of the col-
ored dots are proportional to the weights of the corresponding elements.
The features contributed by the [B,Hg]?™ units are marked at the I -point.
In panel (c), orbitals with different angular momenta are marked with dif-
ferent colors.

3.2. Analysis of phonon properties and vibrational modes

To further elucidate the superconducting mechanism of
LaB;Hg, we conducted EPC simulations at 210 GPa, which
yielded a T, of 76.7 K. As illustrated in Fig. 4(a), the phonon
dispersion spectrum can be divided into three distinct fre-
quency regions (I, II, and IIT). Region I (0273 cm™') com-
prises acoustic phonon branches dominated by vibrations of
lanthanum atoms, as evidenced by the phonon density of
states (PHDOS). Region II (273-1854 cm™') includes opti-
cal phonon modes predominantly arising from the vibrational
motions of boron and hydrogen atoms. Analysis of the Eliash-
berg spectral function indicates that phonons in this region
contribute approximately 70% to the total EPC, highlighting
their pivotal role in mediating superconductivity. A detailed
examination of the vibrational modes reveals that the domi-
nant EPC-active phonons correspond to hydrogen vibrations
perpendicular to the B-H bonds, as depicted in Fig. 4(b). No-
tably, phonon softening is observed primarily in region I and
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the lower-frequency portion of region II (below 1200 cm™1).
In contrast, region IIT (above 2300 cm™!) is characterized by
high-frequency hydrogen vibrations along the B-H bond di-
rection (Fig. 4(c)), which exhibit negligible contributions to
the overall EPC. Overall, the results emphasize that the domi-
nant EPC arises from the 273—1854 ¢cm™! range, with critical
contributions from hydrogen vibrations perpendicular to the
B-H bonds. This low-frequency phonon softening, coupled
with the directional nature of hydrogen motion, is instrumen-
tal in facilitating superconductivity in LaB,Hg.
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Fig. 4. (a) Phonon dispersion, element-projected phonon density of states
(PHDOS), and Eliashberg spectral function of LaB,Hg at 210 GPa. (b)
and (c) are vibrational modes perpendicular to and along the B-H bond
direction, respectively.

To make a clear comparison, we have also examined
KB,Hg, which has a T, of 134-146 K at 12 GPa.’3! Al-
though its stoichiometric formula is similar to that of LaB,Hg,
their electrical conduction mechanisms are entirely differ-
ent. In KB,Hg, boron and hydrogen form BHy4 units with
a methane-like structure, rather than the extended B,Hg unit
found in LaB,Hg. We performed a DOS calculation for
KB,Hg (Fig. S3) and found that the K 4s orbitals are almost
zero at the Fermi level, indicating that each K atom donates
one electron to two BH, units. According to the Valence shell
electron pair repulsion (VSEPR) theory,®”-%8! each BH, unit
requires, on average, one electron to achieve a methane-like
configuration. However, in KB,Hg, only two BHy4 units share
one electron on average, suggesting that the BH4 units are still
electron-deficient. We then replaced K with Ca and calculated
the DOS of CaB,Hg (Fig. S4). The results reveal that CaB,Hg
is a semiconductor. Thus, the electrical conductivity of KB, Hg
and the dominance of B and H states near the Fermi level orig-
inate from hole doping.

We further analyzed the EPC in KB,Hg (Fig. 5). Its
phonon frequencies are generally lower than those in LaB,Hg
and can also be divided into three regions: acoustic branches
(region I), optical branches involving H vibrations relative to
B-H bonds (region II, 161-1000 cm™ 1), and optical branches
with B-H bond-stretching modes (region III). In KB,Hg, the
frequencies in region II range from 161 cm™! to 1000 cm™!,
which are much lower than those in region II of LaB,Hg. Re-
garding the contribution to EPC, the low-frequency region of
KB,Hg plays a more significant role, with more pronounced

phonon softening in the acoustic branch, particularly near the
I' and X points. The phonon softening near the I" point in-
volves vibrations of K, B, and H atoms, while the softening
near the X point is mainly due to K and H vibrations. These
two regions show much greater phonon softening than other
points, which is not observed in LaB,Hg. Region I contributes
over 33% to overall EPC, while the contribution from re-
gion III is negligible. Thus, the superconducting mechanisms
of these two compounds are different.
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Fig. 5. (a) Phonon dispersion, element-projected phonon density of states
(PHDOS), and Eliashberg spectral function of KB,Hg at 12 GPa. (b)
and (c) are vibrational modes perpendicular to and along the B-H bond
direction, respectively.

4. Conclusion and perspectives

To conclude, our comprehensive investigation demon-
strates that LaB,Hg can be conceptualized as a salt-like
compound, formulated as La?t[B,Hg]?~, wherein the cova-
lent [BoHg]?~ unit dictates both the structural and supercon-
ducting properties. The emergence of conductivity and a
hydrogen-rich Fermi level arises from the partial occupancy
of hydrogen-derived E, states within the [BoHg]>~ unit. The
pronounced stability is rationalized by the fact that all occu-
pied molecular orbitals are bonding orbitals. Furthermore,
EPC calculations indicate that vibrational modes perpendic-
ular to the B—H bonds play a critical role in mediating the
EPC interactions responsible for superconductivity. These in-
sights provide a fundamental understanding of the stability and
high-7. mechanism in LaB,Hg, while also providing a theoret-
ical blueprint for low-pressure ternary and even multinary hy-
dride superconductors incorporating covalent hydrogen frame-
works.
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