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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Incorporating another metal into binary metal borides has emerged as a highly effective strategy for optimizing ma-
terial properties. Herein, using high-throughput calculations, we systematically investigated the structural, electronic, and
superconducting properties of Fm3m and F43m phases of Li2MB (M = alkaline earth, 3d, and 4d metals). Our analysis of
48 Li2MB compounds at 0–60 GPa reveals that four of them are promising superconductors with TC ≥ 10 K. It is further
demonstrated that substitution of different M elements serves as an effective strategy for electron doping, enabling precise
control of the band structure and density of states near the Fermi level for the F43m phase. This behavior is exemplified in
Li2Sc1−xTixB (x = 0.05–0.25), which transforms from a semiconductor into a metal and further into a superconductor with
increasing Ti doping concentration. For the Fm3m phase, Dirac points near the Fermi level are observed in the M = Sc and
Y systems, suggesting unique electronic behavior. Our work provides deep insight into the superconducting mechanisms
of lithium-based borides and offers guidance for the targeted design of novel boride superconductors.
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1. Introduction
Boron occupies a unique position on the periodic ta-

ble, residing at the boundary between metals and nonmetals.
This duality endows it with the ability to both donate and
accept electrons, enabling rich and varied bonding behav-
ior. Consequently, boron forms complex allotropes and,
upon reaction with metals, generates diverse structural frame-
works including two-dimensional (2D) layered networks and
three-dimensional (3D) boron cages. These structures impart
borides with outstanding properties, including high hardness,
superconductivity, high melting points, and unique electrical
conductivity, making them an ideal platform for the design of
advanced functional materials.[1–13]

Transition metals (TMs), with their high valence-electron
densities, easily form compounds with light elements such
as boron, yielding materials with remarkable properties. For
example, MoB2 exhibits superconductivity under high pres-
sure with a critical temperature TC ∼ 32 K at 100 GPa, the
second highest TC reported for any boride;[14–16] ZrB12 com-
bines high hardness with metallic conductivity (resistivity ρ ≈
18 µΩ);[17] monoclinic MnB4 is identified as a superhard
phase with a theoretical hardness of 49.9 GPa[18] and shows
superconductivity up to 14.2 K[19] under pressure.

Introducing a third metal into binary metal borides ef-

fectively optimizes their properties. In particular, the intro-
duction of Li atoms into binary metal–boron compounds to
form ternary Li–M–B systems has attracted considerable at-
tention. For example, the insertion of Li into the Mg–B system
yields ternary Li–Mg–B metastable layered phases with a su-
perconducting critical temperature (TC) 10%–20% higher than
that of MgB2 (39 K);[20] Li insertion into the superconducting
clathrate LaB8 system yields the ternary LiLaB8 metastable
phase featuring a double-cage boron framework, which con-
currently exhibits nontrivial band topology;[21] the introduc-
tion of Li into the Mn–B system yields the ternary Li2MnB8

demonstrating superconductivity with an estimated TC of 15 K
at 50 GPa;[22] studies on Li–Co–B and Li–Ni–B systems have
revealed that at ambient pressure, the ground-state Li2CoB[23]

and Li2NiB[24] are both promising potential anode materials
for lithium-ion batteries. Kolmogorov et al.[25] demonstrated
that a number of Li–M–B (M = alkali metals and transition
metals) systems gain in stability with respect to LiB and MB2.
In the Li2(1−x)MxB2 ternary compounds, some boron states re-
main hole-doped, which can induce MgB2-type superconduc-
tivity.

Inspired by this, we investigated the Li2MB (M = alkaline
earth metals, 3d, and 4d transition metals) systems. Our fo-
cus on this stoichiometry is motivated by the lack of research
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on low-boron ternary phases compared to boron-rich phases.
We first performed a detailed structural search for Li2ScB and
Li2YB, revealing that both exhibit unusual cubic phases un-
der high pressure. Based on this discovery, we then conducted
an in-depth study of these cubic Li2MB structures using high-
throughput calculations.

2. Methods
We employed the evolutionary algorithm, as implemented

in the USPEX code, to conduct structural searches at 0–
60 GPa.[26–28] Our structure searches used system sizes of
1–4 formula units (f.u.) per simulation cell. Each genera-
tion contained 80 structures, and 30–50 generations were per-
formed to achieve convergence. Structural optimization and
electronic property calculations were performed within the Vi-
enna ab-initio simulation package (VASP), employing density
functional theory (DFT).[29,30] The Perdew–Burke–Ernzerhof
(PBE) functional of the generalized gradient approximation
was employed to describe the exchange and correlation en-
ergy of electrons.[31] To model the interactions between the
ionic cores and valence electrons, the scalar relativistic pro-
jector augmented wave (PAW) method was used.[32] The cut-
off energy of 700 eV and Monkhorst–Pack k meshes with a
grid spacing of 2π× 0.02 Å−1 were set to ensure that the en-
thalpy converges to 1 meV/atom. Phonon calculations were
performed using PHONOPY with a 2× 2× 2 supercell con-
taining 128 atoms[33] and the QUANTUM ESPRESSO (QE)
package.[34] The superconducting properties were calculated
based on density functional perturbation theory with ultrasoft
pseudopotentials[35,36] in the QE code. The kinetic energy cut-
off was set to 80 Ry, and the charge density cutoff of the plane
wave basis was chosen to be 880 Ry. The k-mesh and the q-
mesh were set to 24×24×24 and 4×4×4, respectively.

3. Result
The stability relationships are clear from Figs. 1(a) and

1(b), which summarize the energies of various structures of
Li2ScB and Li2YB. The stable ground-state Li2ScB is the R3m
phase below 8 GPa, transitioning to the Cmcm phase in the 8–
32 GPa range. Above 32 GPa, the face-centered cubic (fcc)
Li2ScB becomes the stable ground state, with the F43m phase
stable from 32 GPa to 38 GPa, followed by the Fm3m phase
from 38 GPa to 60 GPa. In contrast to Li2ScB, the ground-
state phase of Li2YB is the Cmcm phase below 35 GPa, tran-
sitioning to the Fm3m phase between 35 GPa and 60 GPa.
The F43m phase remains metastable throughout the 0–60 GPa
pressure range. Considering the abundant precursors,[37–43]

we systematically investigated the possible synthetic routes
for Li2ScB and Li2YB. Li2ScB remains enthalpically unstable
with respect to decomposition into Li, Sc, and ScB2 among

the synthetic routes considered below approximately 43 GPa,
as shown in Fig. 1(c). In contrast, for Li2YB, increasing pres-
sure does not lead to a straightforward stabilization. Instead, it
induces a shift in the dominant decomposition pathway from
2Li + 1/2Y + 1/2YB2 at low pressure toward Y + Li2B at
higher pressures (Fig. 1(d)). Figure 1(e) shows that Li2ScB
lies on the ternary convex hull, demonstrating energetic sta-
bility against decomposition into the stable binary phases lo-
cated at the convex-hull edge at 60 GPa with the inclusion of
zero-point energy (ZPE), while Li2YB is about 0.073 eV/atom
above the convex hull, as shown in Fig. 1(f), with ZPE. Our de-
tailed investigations of Li2ScB and Li2YB reveal a fascinating
pressure-induced stabilization of cubic phases. Given the in-
triguing behavior of Li2ScB and Li2YB under high pressure,
we now extend this investigation to other systems, specifically
Li2MB (M = transition metals and alkaline earth metals) using
high-throughput computational screening.

Figure 2(a) displays the two cubic structures of Li2MB
with space groups F43m and Fm3m. In the F43m phase, there
are two distinct Li positions in the conventional cell of Li2MB,
namely, Li1 (0.500, −0.500, 0.500) and Li2 (0.250, −0.250,
0.250). Li1 atoms and their adjacent B atoms form tetrahe-
dral coordination, while the Li1–B sublattice constitutes a di-
amond structure. Similarly, Li2 atoms and their adjacent M
atoms form tetrahedral coordination, while the Li2–M sub-
lattice also constitutes a diamond structure. Thus, the F43m
Li2MB compound can be viewed as comprising two interpen-
etrating diamond structures. In contrast to the F43m phase, the
high-pressure Fm3m phase can be viewed as dual NaCl-type
frameworks. Here, Li atoms occupy one NaCl cubic sublat-
tice, while the M–B network constitutes another isostructural
framework.

We evaluated the dynamical stability of Li2MB in the
pressure range of 0–60 GPa using phonon calculations shown
in Fig. 2(b) (the phonon dispersions are shown in Figs. S1
and S9). The phonon stability for each phase, indicated by
circles (F43m) and squares (Fm3m), is plotted at 0 (left),
30 (middle), and 60 GPa (right) within each elemental cell.
It can be observed that the Fm3m Li2MB phase is dynami-
cally unstable at 0 GPa, whereas only approximately 10 met-
als (M = Mg, Ca, Sc, Ti, Cu, Zn, Y, Zr, Ag, Cd) form-
ing Fm3m Li2MB become dynamically stable as pressure in-
creases. For the F43m Li2MB phase, dynamical instability
persists across the 0–60 GPa pressure range for only five met-
als (M = Ca, Sr, Nb, Mo, Ru). Given the stabilization of cu-
bic structures in Li2MB (M = Sc, Y) under high pressure, the
relative stability of these phases at 60 GPa was evaluated for
other M atoms using the calculated formation enthalpies ∆H =

[H(Li2MB)−H(LiB)−H(Li)−H(M)]/4 shown in Fig. 2(c).
Here H(Li2MB) is the total enthalpy of Li2MB at 60 GPa, and
H(LiB), H(Li), and H(M) are the enthalpies of LiB, Li, and M
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metal at 60 GPa. Based on computational screening, only dy-
namically stable structures were considered, along with those
potentially energetically stable or metastable (formation ener-
gies < 50 meV/atom). Furthermore, the Fm3m structure is
generally less stable than F43m across the Li2MB series. Re-
markably, this trend is inverted for five elements (M = Sc, Y,
Ca, Sr, Mg), with Fm3m showing lower formation energies.

Having established the energetic and dynamical stability,
we now turn to the electronic properties. These compounds
display remarkably diverse electronic behavior, ranging from
semiconductors to high-density of states (DOS) metals, tun-
able by the choice of the M element. Our calculations reveal

that F43m Li2ScB and Li2YB are semiconductors whose band
gaps exhibit a notable nonmonotonic dependence on pressure,
initially increasing before decreasing under compression, as
shown in Fig. 3(a). The band structures are available in
Fig. S2. Previous studies have suggested that this phenomenon
may be related to chemical bonding.[44] To further investigate,
taking Li2ScB as an example, we calculated the electron lo-
calization function (ELF) for Li2ScB, as shown in Fig. 3(b).
Figure 3(b) displays the ELF of the F43m phase Li2ScB
at 0 GPa. Distinct electron accumulation around B atoms
and electron depletion near Li and Sc atoms are observed,
indicating the formation of Li–B and Sc–B ionic bonds.
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Fig. 2. (a) Structures of the F43m and Fm3m phases. (b) Phonon dispersion curves from high-throughput calculations at pressures of 0 GPa,
30 GPa, and 60 GPa, from left to right. (c) Formation enthalpies from high-throughput calculations at 60 GPa.

Notably, significant electron aggregation occurs between the
labeled Li1 and B atoms, resulting from simultaneous elec-
tron transfer to B from both the Li1 atom and adjacent Sc
atoms. Furthermore, this electron distribution becomes dis-
torted under the Coulomb attraction of surrounding cations,
driving electrons originally localized around B atoms toward
the Li1 site, thereby inducing a shift from ionic to covalent-like
bonding in the Li1–B bond.

Figure 3(c) illustrates the position-dependent evolution of
the ELF values across the Li1–B bond in F43m Li2ScB. At
0 GPa, the ELF value between Li1 and B reaches a maximum
of approximately 0.8, approaching covalent-bond-like charac-
teristics. As the pressure increases from 0 GPa to 30 GPa,
the atomic distance decreases, and the ELF value at the mid-
point of Li1–B bonds increases significantly (from 0.808 to
0.828). This enhancement in electron localization strengthens

the covalent-like character of the Li1–B bond. Consequently,
the increased electron localization under pressure results in a
widening of the band gap, as evidenced by the increase in the
band gap of Li2ScB in the pressure range of approximately 0–
30 GPa shown in Fig. 3(a). However, as the pressure increases
from 30 GPa to 60 GPa, despite the further reduction in the
distance between Li1 and B atoms, their ELF value changes
only slightly (from 0.828 to 0.833), indicating that the en-
hancement of electron localization begins to saturate in this
higher-pressure regime. Consequently, band broadening, in-
duced by enhanced orbital overlap due to the reduced lattice
constant, becomes the dominant factor, thereby reducing the
band gap, as illustrated by the decrease in the band gap of
Li2ScB at 30–60 GPa shown in Fig. 3(a). For Li2YB, the band
gap increases in the pressure range 0–10 GPa but decreases be-
tween 10 GPa and 40 GPa. A Wilson transition from a semi-
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conductor to a metal occurs at approximately 42 GPa. The
corresponding ELF values are presented in Fig. S3.

The electronic band structures and DOS for compounds
with M = Y, Zr, Nb, and Mo are presented in Fig. 3(d). DOS
analysis reveals that the electronic states near the Fermi level
are dominated by contributions from the M atom. Interest-
ingly, for M elements residing in the same period of the pe-
riodic table, the number of valence electrons increases with
atomic number, demonstrating the electron doping effect, as
shown in Fig. 3(d). Notably, the energy region of the bands

near the Fermi level in Li2YB lies approximately 0.8 eV below
the Fermi level in Li2ZrB, roughly 1.8 eV below in Li2NbB,
and 2.3 eV below in Li2MoB. A corresponding downward
shift of the same spectral weight is observed in the DOS plots.
This phenomenon can be understood as the additional elec-
trons raising the Fermi energy, which shifts the electronic
bands and density of states near the Fermi level. Consequently,
substituting the M element provides an effective and tunable
means of electron doping, allowing precise control over the
band structure and the density of states near the Fermi level.
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Fig. 3. (a) Band gaps of F43m Li2ScB and Li2YB within the pressure range of 0–60 GPa. (b) ELF of F43m Li2ScB on the (1 −1 0) plane at
0 GPa. (c) ELF values across the B–Li1 bond along the line shown in (b). (d) Band structures and DOS of Li2YB, Li2ZrB, Li2NbB, and Li2MoB
at 60 GPa. PDOS of (e) Li2ZrB and (f) Li2BeB.

The projected DOS (PDOS) of F43m Li2MB (M =

Zr,Be) at 0 GPa and 60 GPa is presented in Figs. 3(e) and
3(f). (The DOS at the Fermi level for F43m Li2MB without
spin polarization is shown in Fig. S4. The spin-polarized DOS
for Li2MB compounds, where M denotes a transition metal,
is provided in Fig. S5.) As shown in Fig. 3(e), for Li2ZrB,
the Zr d orbitals dominate the DOS at the Fermi level under
both 0 GPa and 60 GPa, followed by B p orbitals. Contri-
butions from Li s and p orbitals are the smallest, with the Li
p orbitals being comparable to B p orbitals. As pressure in-

creases, the contributions from Zr d and Li s/p orbitals at the
Fermi level increase. In contrast, for Li2BeB, the Fermi-level
DOS is dominated by B p orbitals, while Li p orbitals make
the smallest contribution and all s-orbitals are negligible. The
PDOS of Fm3m Li2CaB at 30 GPa is shown in Fig. S6.

The Fm3m phase of Li2MB becomes energetically favor-
able over F43m only for M = Sc, Y, Ca, and Mg, concur-
rently exhibiting negative formation enthalpies with respect
to decomposition into LiB, M, and Li. Therefore, the fol-
lowing discussion of electronic properties focuses primarily
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on M = Sc and Y. We plotted the electronic band structures
and 3D valence and conduction band surfaces to analyze the
electronic characters of Fm3m phase Li2ScB (Figs. 4(a) and
4(b)) at 60 GPa, and the band structure of Li2YB is shown in
Fig. S7 at 35 GPa. Two frustrated Dirac cones are observed
around the Γ point near the Fermi level. One cone is located
at an off-symmetry point between Γ and X , denoted as the D
point with a 3 meV band gap, while the other lies along the K–
Γ path, exhibiting a 12 meV gap denoted as the Q point. The
two frustrated Dirac cones are characterized by compensated
electron-hole pockets. For both Li2ScB and Li2YB, the Dirac
cones are gapped under spin-orbit coupling (SOC), with gaps
exceeding 100 meV, as shown in Figs. 4(c) and S7.

To further understand the contributions of the two Dirac
cones, the projected band structures of Li2ScB and Li2YB are
plotted in Figs. 4(d) and S8, respectively. In Fig. 4(d), for the
p and d orbitals, the radii of the colored lines are proportional
to the corresponding orbital contributions. The results suggest
that the D Dirac point mainly originates from the dxy and dxz

orbitals of Sc atoms, as well as the px orbitals of B and Li
atoms. The Q Dirac point mainly arises from the dx2−y2 and
dyz orbitals of Sc atoms hybridized with the py orbitals of B
and Li atoms. The dz2 orbitals of Sc and pz orbitals of Li and

B contribute negligibly to the Q Dirac cone.
The calculated superconducting transition temperatures

(TC) using the Allen–Dynes modified McMillan equation[45]

with a typical Coulomb pseudopotential µ∗ = 0.1 for Li2MB
at 0 GPa, 30 GPa, and 60 GPa are shown in Fig. 5(a). Dynam-
ically unstable structures or those with formation enthalpies
∆H > 50 meV were not considered for superconductivity and
are marked with a cross. Our calculations identify several
promising compounds with TC above 10 K for further research,
namely Li2BeB (0 GPa), Li2CaB (30 GPa), Li2ZrB (30 GPa
and 60 GPa), and Li2PdB (0 GPa).

The λqv-weighted phonon dispersions, Eliashberg spec-
tral function α2F(ω), and integrated λ (ω) were calculated to
evaluate the superconducting properties. At 0 GPa, the cal-
culated TC for F43m Li2BeB is 13.8 K, with a total electron–
phonon coupling strength of λ = 0.68, as shown in Fig. 5(b).
Analysis reveals a peak in the Eliashberg spectral function
within the medium-frequency region of 8–12 THz, which con-
tributes approximately 35% of the total λ and originates from
the coupled vibrations of Li, Be, and B atoms. In the low-
frequency region (0–8 THz), the contribution is 39%, whereas
the high-frequency region (12–20 THz) contributes the least,
approximately 26%.
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Fig. 4. (a) Electronic band structures and (b) 3D valence and conduction bands of Fm3m Li2ScB at 60 GPa. (c) Electronic band structures of
Fm3m Li2ScB including SOC. (d) Electronic band projection structures of Fm3m Li2ScB.
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Fig. 5. (a) Results of high-throughput calculations of the superconducting transition temperature (TC) for Li2MB at 0 GPa, 30 GPa, and 60 GPa.
Phonon dispersions with the size of blue spheres denoting the contributions to electron–phonon coupling (EPC), phonon density of states (PH-
DOS), Eliashberg spectral function α2F(ω), and EPC parameter λ (ω) for (b) F43m Li2BeB at 0 GPa, (c) Fm3m Li2CaB at 30 GPa, (d) F43m
Li2ZrB at 60 GPa, and (e) Li2PdB at 0 GPa.

Notably, the phonon spectrum of Fm3m Li2CaB at
30 GPa exhibits pronounced softening in the low-frequency
region (0–3 THz) along the X–U |K and L–W–X paths in
reciprocal space, as seen in Fig. 5(c). In these regions
of phonon dips, significant enhancement of electron–phonon
coupling is observed, evidenced by deeper blue shades in the
phonon dispersion curves. A pronounced peak in α2F(ω)

contributes approximately 40% to the total electron–phonon
coupling strength (λ = 0.88). Analysis of the PHDOS re-
veals that vibrations of Ca atoms dominate in this region.
The intermediate-frequency region (3–7 THz) contributes only
∼ 9% to the total λ , whereas the high-frequency region (7–
16 THz), dominated by Li and B vibrations, accounts for ap-
proximately 51%.

Similar behavior is observed for Li2ZrB and Li2PdB,

which exhibit phonon softening along the X–U |K and L–W–X
paths in their low-frequency regions (0–6 THz for Li2ZrB and
0–4 THz for Li2PdB), enhancing the electron–phonon cou-
pling (Figs. 5(d) and 5(e)). However, in contrast to Li2CaB and
Li2BeB, the larger atomic mass of Zr and Pd introduces a gap
between acoustic and optical phonon branches, allowing a nat-
ural distinction between the acoustic branch electron–phonon
coupling constant (λac) and the optical branch coupling con-
stant (λopt). For Li2ZrB, λac ≈ 0.82, accounting for about
80% of the total λ , while high-frequency optical phonons (10–
21 THz) contribute λopt = 0.20 (20% of total λ ). In Li2PdB,
λac = 0.66 accounts for 60% of total λ . As previously dis-
cussed, the dominant contribution to λ arises from interactions
between Zr d-electrons and Zr atom vibrations. Interestingly,
Fig. 5(a) shows that TC of Li2ZrB increases under pressure,
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likely due to enhanced Zr d-orbital contribution to the DOS at
the Fermi level. For Li2PdB, intermediate-frequency optical
phonons (5–9 THz) contribute approximately 35% to λ .

In Li2MB compounds, heavier M atoms induce phonon
softening in the low-frequency acoustic branches, contribut-
ing over 50% of total electron–phonon coupling. This trend is
further supported by Li2MB (M = Cu, Rh, Ni, Ti), as shown
in Fig. S9, all exhibiting TC in the 5–10 K range.

To examine the effect of electron doping on electronic
properties, the virtual crystal approximation (VCA) was em-
ployed to construct F43m Li2Sc1−xTixB (x = 0.05–0.25). Sc
and Ti were selected because they are adjacent in the peri-
odic table, both Li2ScB and Li2TiB are dynamically stable,

and their DOS at the Fermi level differs significantly. Fig-
ure 6(a) shows that increasing Ti concentration raises the DOS
at the Fermi level, transforming Li2ScB from a semiconductor
into a metal and further into a superconductor.

Figure 6(b) compares the phonon spectra and α2F(ω) of
Li2Sc0.85Ti0.15B and Li2Sc0.75Ti0.25B. Ti doping slightly soft-
ens low-frequency phonons, resulting in a low-frequency peak
in α2F(ω) and enhanced electron–phonon coupling. Con-
sequently, Li2Sc0.75Ti0.25B exhibits λ = 0.35 and TC = 1 K,
higher than Li2Sc0.85Ti0.15B (λ = 0.26, TC = 0.1 K). The
phonon spectrum of Li2Sc0.75Ti0.25B calculated using the su-
percell approach (Fig. S10) shows no imaginary frequencies,
confirming dynamical stability.
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Fig. 6. (a) The DOS of F43m Li2Sc1−xTixB (x = 0.05–0.25) at 60 GPa. (b) The phonon spectra, Eliashberg spectral function α2F(ω), and
integrated λ (ω) of F43m Li2Sc0.75Ti0.25B and Li2Sc0.85Ti0.15B at 60 GPa.

4. Conclusion
In summary, we conducted high-throughput calculations

to explore F43m and Fm3m Li2MB, where M represents tran-
sition metals and alkaline earth metals. Among these met-
als, four potential superconducting candidates with TC ≥ 10 K
were identified. The highest predicted TC of 16.8 K was found
in F43m Li2ZrB. Based on our analysis of the electronic and
vibrational properties of F43m Li2MB, we conclude that the
primary contributions to superconductivity arise from the M-
derived density of states at the Fermi level and low-frequency
vibrational modes.

Furthermore, substitution of the M element provides
an effective and tunable strategy for electron doping, en-
abling precise control over the band alignment and density of
states near the Fermi level. By constructing the compound
Li2Sc1−xTixB (x = 0.05–0.25), we achieved a controlled evo-
lution from a semiconductor to a metal and finally to a super-
conductor. For the Fm3m phase of Li2MB, superconductivity
remains relatively weak (with most transition temperatures be-
low 1 K) among the dynamically stable M elements. Notably,
the TC of Fm3m Li2CaB exceeds 10 K under 30 GPa. In the
case of M = Sc and Y, Dirac points emerge near the Fermi
level, suggesting distinctive electronic behavior in these sys-
tems. These findings enhance the understanding of supercon-
ducting mechanisms in this class of materials and facilitate the

targeted exploration of novel boride compounds.
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