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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Lithium-based compounds with interstitial anionic electrons (IAEs) exhibit unique electronic properties, including
superconductivity and superionic behavior. The intrinsic connection between these properties offers valuable insights and
potential applications in materials science. In this study, we employed machine-learning-accelerated crystal structure pre-
diction and first-principles calculations to investigate the phase stability of various Li—B systems under high pressures.
Our results indicate that the known R-3m LigB compound is an electride. At 150 GPa, R-3m LigB exhibits a superconduct-
ing transition temperature of around 51 K and enters a superionic state at high temperatures. Additionally, a monoclinic
compound, C2/m LiBg, which is metastable at ambient pressure, was found. More interestingly, an unpredicted cage-like
metallic boron allotrope termed C2/m-B; can be obtained by removing Li from LiBg. These findings open avenues for
interdisciplinary research and highlight the potential of exotic boron allotropes in advanced device applications.
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1. Introduction

Among light elements, lithium and boron have attracted
significant interest due to their intricate phase diagrams and
Over the
past several decades of experimental and theoretical efforts,

electronic changes under extreme conditions.

the phase diagram of lithium at pressures up to approx-
imately 130 GPa has been established, revealing a series

of solid-phase transitions with complex crystal structures:
~7 GPa ~39 GPa ~42 GPa ~60 GPa ~70 GPa

bcc — fcc — "hRl — "cll6 — " 0c88 —
0C40 “2G% 5C24.1-0 These structural changes are ac-

companied by remarkable property transformations, includ-
ing superconductivity, "I electronic transitions,!! electride
phases,'=14] and abnormal melting behaviors.1>-17]

Boron, on the other hand, is an element known for its
fascinating chemical complexity, primarily due to its electron-
deficient nature, which leads to distinctive bonding charac-
teristics such as multi-center bonds. This unique behavior
results in a diverse array of boron allotropes.!'32% Stud-
ies have shown that boron readily forms compounds with
various elements, displaying a wide range of physical and
chemical properties.?'4 A notable example is MgB,, a
new type of superconducting material with a unique dual-

band structure, whose superconducting mechanism follows
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the Bardeen—Cooper—Schrieffer (BCS) electron—phonon cou-
pling model.*!

Electrides are a unique class of materials in which elec-
trons act as anions, occupying empty spaces within the crystal
lattice.[?5] These interstitial anionic electrons (IAEs) endow
electrides with properties suitable for a range of applications,
including energy storage, catalysis, and use as strong reducing
agents.[26-2%1 Recent research into the electronic properties of
solid-state materials has highlighted the potential of electrides
across various advanced applications, particularly due to the
following categories of behavior: (i) Topological electrides.
In these materials, the interstitial states may appear as occu-
pied states located near the Fermi level, making them suit-
able for realizing the band inversion required for topological
phases.?% Electrides have thus been identified as promising
materials for achieving topological phases, such as topolog-
ical insulating phases in Cs30!! and topological nodal-line
semimetal phases in Y,C.!3?! (ii) Superconducting electrides.
The coexistence of superconductivity and electride states has
garnered considerable attention, especially in lithium-rich
electrides.**38) Compounds such as LigP,**! LisHe,** and
Li;oGe?8! exhibit interconnected IAEs that enhance their su-
perconducting transition temperatures (7¢) to 39.3 K, 26 K,
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and 8.5 K at 270 GPa, 210 GPa, and 50 GPa, respectively, due
to lithium’s electron-donating nature. (iii) Electrides with su-
perconducting and superionic behavior. The superionic state,
a novel state of matter positioned between ordered crystalline
states and disordered liquid or molten states, has attracted at-
tention in earth and planetary science.**~*!! In recent years,
many lithium-rich compounds,*>#" such as Li-A1?] sys-
tems, have demonstrated the simultaneous presence of super-
conductivity and superionicity under high pressure. An inter-
esting question is whether compounds of Li and B will exhibit
distinctly different properties when combined under high pres-
sure.

2. Methods

We carried out variable-composition searches for Li-B
compounds containing up to 50 atoms per unit cell at 50 GPa,
100 GPa, and 150 GPa using a machine-learning-accelerated
crystal structure prediction method (MAGUS code).[*84%1 The
first-generation structures were randomly generated through
a space-group method. In subsequent generations, 60% of
the structures were randomly generated. The search was
implemented for 50 generations, with each generation con-
taining up to 50 structures. Structural relaxations and elec-
tronic property calculations were performed based on density
functional theory within the Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional®® in the framework of the

(311 for ionic poten-

projector-augmented-wave (PAW) method
tials, as implemented in the Vienna ab initio simulation pack-
age (VASP). 32! The valence electron configurations used were
1s22s! for Li and 2s?2p! for B. The energy cutoff of the
plane-wave basis was 800 eV, and the Brillouin zone was
sampled by a k-point mesh with a reciprocal-space resolu-
tion of 27 x 0.025 A", The electron—phonon coupling and
superconductivity calculations were performed using density
functional perturbation theory, as implemented in the QUAN-
TUM ESPRESSO code.>3! The kinetic-energy cutoff and the
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charge-density cutoff of the plane-wave basis were chosen to
be 600 Ry and 150 Ry, respectively. Self-consistent electron
density and electron—phonon coupling were calculated by em-
ploying 20 x 20 x 20, 24 x 24 x 12, and 18 x 18 x 18 k-meshes
and 4 x4 x4, 4 x4 x2, and 3 x 3 x 3 g-meshes for LigB,
LiBg, and Bj;, respectively. Ab initio molecular dynamics
(AIMD)P# simulations were performed in the NVT ensem-
ble using a Nosé—Hoover thermostat,>>! with a time step of
1 fs and a supercell containing 168 atoms for LigB. An empty
sphere with a Wigner—Seitz radius of 1.20 A was used to ob-
tain the projected density of states (DOS) on the interstitial
position (“X” site).

3. Results
3.1. Crystal structure under high pressure

We constructed thermodynamic convex hulls for the
Li—B binary system under 50 GPa, 100 GPa, and 150 GPa
(Fig. 1(a)). The stability of each Li-B compound was eval-
uated by calculating the formation enthalpies relative to their
decomposition into the most stable solid phases of Li and
B at each pressure. Our results are consistent with previous
studies, 371 successfully reproducing known stable Li-B
compounds, including R-3m LiB, P63/mmc LiB, Fd-3m LiB,
R-3m Li3B;, Cmcem Lip B, C2/m LiyB, R-3m LigB, C2/m LiB3,
Pnma LiB3, and 14/mmm LiB4. Interestingly, we also predict
a new metastable compound, LiBg, which lies approximately
80 meV/atom above the convex hull at 100 GPa and remains
dynamically stable even at ambient pressure. Zero-point en-
ergy (ZPE) was considered in evaluating the energetic stability
of Li-B phases. While ZPE may influence phase stability, its
effect was found to be relatively minor. We further estab-
lished a pressure—composition phase diagram, highlighting
the dynamical stability ranges of both stable and metastable
Li-B phases (Fig. 1(b)). In the diagram, dark red solid frames
denote thermodynamically stable structures, whereas dark red

(®)
Li,B
Li,B

Cmcem

Li,B /////

Li;B, (27777 rrezs
P6. 3/mmc(/i'—;}l{mse)

i P6i/mmc

C2/
LiB, AR SRR TR

14/mmm

1
0 50 100 150
Pressure (GPa)

Fig. 1. Energetic stability of the Li—B system under pressure. (a) The calculated convex hulls for Li-B compounds at different pressures (50 GPa,
100 GPa, and 150 GPa). Solid and open symbols represent thermodynamically stable and metastable compounds, respectively. (b) Pressure—
composition phase diagram of Li—-B compounds. Dark red solid frames (dark red dotted frames) denote stable structures and thermodynamically

metastable but dynamically stable structures, respectively.
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dotted frames indicate thermodynamically metastable but dy-
namically stable structures. We note that although formation
enthalpy calculations show that LigB lies on the convex hull
at 100 GPa, indicating thermodynamic stability at this pres-
sure, phonon dispersion calculations reveal the presence of
imaginary modes, demonstrating that the R-3m LigB phase
is dynamically unstable at 100 GPa. With increasing pres-
sure, these imaginary modes are suppressed, and the phonon
spectrum becomes fully stable above approximately 110 GPa.
Therefore, LigB is identified as a stable phase in Fig. 1(b) only
for pressures exceeding 110 GPa, where both thermodynamic
and dynamical stability criteria are satisfied. The enthalpy—
pressure relations for LiB and LiB3, phonon dispersion calcu-
lations, the crystal structures, and the optimized lattice param-
eters and atomic positions are summarized in Figs. S1-S4 and
Table S1.158]

3.2. Electride LigB with superconducting and superionic
behavior

Prompted by the lack of detailed studies on the electronic
structure and dynamical behavior of LigB, and inspired by re-
cent findings on electride, superconducting, and superionic be-
havior in lithium-rich compounds, we investigated the electron
distribution, electronic properties, and dynamical behavior of

G
Z

Energy (eV)

LigB. LigB crystallizes in a hexagonal R-3m structure, where
each B atom is coordinated with 18 neighboring Li atoms.
This unique arrangement forms a cage-like framework con-
sisting of two three-membered rings, six four-membered rings,
and six five-membered rings (Fig. 2(a)).

To investigate the electronic properties of LigB, we cal-
culated the electron localization function (ELF), partial charge
density, electronic band structures, and partial density of
states (PDOS). The ELF analysis revealed pronounced elec-
tron localization in the interstitial spaces, acting as interstitial
quasi-atoms (ISQs) with a distinctive bone-shaped distribu-
tion (Fig. 2(a)), and Bader charge analysis further supports
this conclusion (Table S3). As shown in Fig. 2(b), the orbital-
projected band structure of LigB, calculated in the absence
of spin—orbit coupling (SOC), shows a single band crossing
the Fermi level (Ef), predominantly composed of Li and ISQ
orbitals, indicative of metallic character. The PDOS analysis
reveals a broad density-of-states peak around Efp primarily
derived from Li-2p states, with strong orbital hybridization
involving the bone-shaped ISQs, as shown in Fig. 2(b). Ad-
ditionally, Fig. 2(c) illustrates the band-decomposed electron
density maps within an energy window of 100 meV near
Erp on the (—1 1 0) plane, displaying the bone-shaped dis-
tribution around the ISQs. This result suggests that electrical

3

7 PDOS
>0.005 A=3

-

—0.1 to +0.1 eV <0.002 A3

Z T F L

Electron density maps

Frequency (cm™1!)

(e)

0

r Z r F L
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Fig. 2. Electronic and superconducting properties of R-3m LigB at 150 GPa. (a) The crystal structure and the ELF isosurface with a value of
0.8. (b) The band structures and PDOS. (c) Electron density maps within an energy window of 100 meV near the Fermi level. (d) Phonon band
structures, projected density of states, Eliashberg spectral function, and the electron—phonon coupling constant A. The sizes of the violet solid
circles are proportional to the electron—phonon coupling strength. (e)—(f) The vibrational modes at the Z point.
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conduction in LigB arises from both Li-derived electrons and
anionic electrons confined within the interstitial space.

Encouraged by its metallic nature, we further investi-
gated the superconductivity of R-3m LigB at a pressure of
150 GPa. To assess its superconducting potential, we em-
ployed density functional perturbation theory to calculate the
electron—phonon (e—ph) coupling, phonon spectrum, partial
phonon density of states (PHDOS), Eliashberg spectral func-
tion a’F(w), and e—ph integral A(®). The superconducting
transition temperature (7;) is estimated using the Allen—Dynes
modified McMillan equation

_ Miog

1.04(1 424
Te=5exp A

A (1+0.621) |

with the Coulomb pseudopotential u* of 0.1. Our results in-
dicate that the cumulative e-ph coupling parameter A is 1.42,
a relatively large value for conventional superconductors, sug-
gesting that LigB is a strong-coupling superconductor. PH-
DOS analysis shows that Li atoms dominate the entire fre-
quency range, while B atoms contribute primarily to the high-
frequency region (Fig. 2(d)). Specifically, the low-frequency
range (0-300 cm™!) and the intermediate-frequency range
(300-600 cm™ ') contribute 42.0% and 34.1% to the total e—
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ph coupling parameter A, respectively. The phonon spectrum
reveals that the optical modes at the Z point soften, with large
phonon linewidths, indicating strong coupling to the elec-
trons. These modes mainly arise from vibrations of Li atoms
(Figs. 2(e) and 2(f)). This interaction plays a key role in the
superconductivity of LigB. The T. of R-3m LigB is estimated
to be around 51.0 K (Fig. 3), which is higher than that of other
Li-rich superconducting electrides. [33-34-36-38,42-44,46,59-64]

120
100
80
60

40

Superconducting T, (K)

20

0 100 200

Pressure (GPa)

Fig. 3. Pressure-dependent superconducting transition temperature (7;.)
diagrams for lithium-based electrides and the R-3m LigB phase (red star).
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Fig. 4. Dynamical properties of R-3m LigB at 150 GPa. MSDs of Li and B atoms at (a) 1200 K (solid state), (b) 1600 K (superionic state), and
(c) 2000 K (liquid state). (d) Pair distribution functions g(r) between Li-Li, Li-B, and B-B at different temperatures.

056201-4



Chin. Phys. B 35, 056201 (2026)

We also investigated the dynamical behavior of R-3m
LigB using AIMD simulations by calculating the mean-square
displacements (MSD). All simulations began from the re-
laxed configuration at 150 GPa with varying temperatures. At
1200 K, the MSD of the atoms is minimal, indicating that all
atoms remain confined to their equilibrium positions, preserv-
ing the solid state of LigB (Fig. 4(a)). As the temperature in-
creases to 1600 K (Fig. 4(b)), the MSD of Li atoms increases
rapidly, suggesting a transition to a superionic state. In this
state, the sublattice of B atoms remains fixed, while Li atoms
diffuse freely through the sublattice, with a diffusion coeffi-
cient of DM = 1.867 x 107 cm?-s~!. Upon further heating the
superionic phase to 2000 K, all atoms melt, transitioning to a
fluid state (Fig. 4(c)). Additionally, we analyzed the atomic
motions in LigB using radial distribution functions (RDFs)
(Fig. 4(d)). At 1600 K, the Li—Li and Li—B partial RDFs ex-
hibit more liquid-like behavior, while the B-B RDF remains
solid-like. We attribute this behavior to the unique lightweight
boron sublattice in LigB, which creates low-energy diffusion
channels for lithium ions. Lithium ions migrate through va-
cancies or interstitial sites, typically driven by thermal exci-
tation, enabling them to overcome energy barriers within the
lattice.

3.3. Superconducting open-framework allotrope of boron
at ambient pressure

LiB¢ has a monoclinic C2/m crystal structure, where
cage-like units of B atoms are interspersed with Li atoms,
forming a three-dimensional framework stacked along the ¢
axis (Fig. 5(a)). Ab initio MD simulations demonstrate that the
B>-caged structure can be maintained at 100 K, 300 K, and

500 K at 0 GPa (Fig. S6). The orbital-projected band struc-
ture and partial density of states of LiBg at 0 GPa, shown in
Fig. 5(b), reveal its metallic nature, with three bands crossing
the Fermi level, primarily derived from B-p orbitals, particu-
larly the B-p, orbital. We also evaluated the superconducting
properties of LiBg, estimating the critical temperature (7¢) to
be 22.1 K at 0 GPa, with an e—ph coupling constant A of 1.02.
As shown in Fig. 5(c), the phonon density of states indicates
that low-frequency phonon modes below 300 cm ™!, associated
with hybridization of Li and B atomic vibrations, contribute
43% to A. It is worth noting that the optical mode at the I
point (~ 500 cm™!), with a large phonon linewidth, shown in
Fig. 5(d), corresponds to vibrations of two layers of B atoms
in the ab plane away from the Li layer.

Recent techniques for synthesizing allotropes of boron-
and carbon-group elements using appropriate chemical pre-
cursors followed by physical and chemical manipulation have
gained popularity. 939 For example, Sung et al.!®”] reported
a metallic P6/m-Si¢ phase obtained by removing Na from
the novel Na-Si clathrate P6/m-NaSig after pressure release.
Similarly, Gu et al.'%8) demonstrated that a single-layer T-
graphite C4 can be derived by evaporating K atoms. Inspired
by these approaches, we propose that a new boron allotrope
with a C2/m space group can be synthesized by removing Li
atoms from LiBg. As shown in Fig. 6(a), this removal prompts
structural rearrangements within the three-dimensional open
framework of boron atoms. The resulting boron structure con-
sists of two distinct layers: the top layers form B4 caged struc-
tures, while the bottom layers consist of B¢ cages.

We next investigate the electronic properties of C2/m-B1»,
with its calculated band structure shown in Fig. 6(b). In the

(b) 3

Energy (eV)
o =

Frequency (cm~1)
SNEID
st
AR

0
I zZ'Y I'B D E

C PDOS 0

1

2

Fig. 5. Electronic and superconducting properties of C2/m LiB¢ at 0 GPa. (a) The crystal structure of C2/m LiB¢. (b) The electronic band
structure and PDOS. (c) The calculated phonon dispersion curves, Eliashberg spectral functions together with the electron—phonon integral and

PHDOS. (d) The vibrational mode at the I" point.
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absence of Li atoms, the Fermi level is lower compared to
LiB¢, resulting in two bands crossing Eg. As shown in
Fig. 6(b), the electronic density of states at the Fermi level is
mainly derived from B-p, orbitals. We also assess the super-
conducting properties through electron—phonon coupling cal-
culations, estimating T to be approximately 21.4 K at ambient
pressure. Figure 6(c) shows two optical modes at the I" point
with large phonon linewidths, which contribute significantly
to the electron—phonon coupling constant. The vibrations of

these modes are depicted in Fig. 6(d).

(11200

~ 1000
|

800

600
400
200

Frequency (cm

o7 v /[ I'B D\E

Fig. 6. Electronic and superconducting properties of C2/m B, at 0 GPa.
(a) The crystal structure of C2/m By,. (b) The electronic band structure
and PDOS. (c) The calculated phonon dispersion curves, Eliashberg spec-
tral functions together with the electron—phonon integral and PHDOS.
(d) The vibrational modes at the I" point.

4. Conclusion

Through machine-learning-assisted crystal structure pre-
diction and first-principles calculations, we found that the R-
3m LigB compound is an electride, exhibiting a superconduct-
ing transition temperature of approximately 51 K at 150 GPa
and transitioning to a superionic state at high temperatures.
Additionally, we identified a metastable monoclinic C2/m
LiBg structure, which remains dynamically stable at ambient
pressure, and discovered a metallic boron allotrope, C2/m-
By, formed by removing Li from LiBs. C2/m-B}; demon-
strates a superconducting transition temperature of 21.4 K.
These findings enhance our understanding of the electronic

and structural behavior of lithium—boron systems under ex-
treme conditions, while also opening new possibilities for ap-
plications of boron-based materials in high-performance elec-
tronics and energy devices.
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