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Design and synthesis of clathrate LaB8 with superconductivity
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Boron-based clathrate materials, typically with three-dimensional networks of B atoms, have tunable proper-
ties through the substitution of guest atoms, but the tuning of B cages themselves has not yet been developed. By
combining a crystal structural search with the laser-heated diamond anvil cell technique, we successfully synthe-
sized a new B-based clathrate boride, LaB8, at ∼108 GPa and ∼2100 K. The novel structure has a B-richest cage,
with 26 B atoms encapsulating a single La atom. LaB8 demonstrates phonon-mediated superconductivity with
an estimated transition temperature of 14 K at ambient pressure, mainly originating from the electron-phonon
coupling of B cage. The replacement of La with alkaline earth metals can remarkably elevate the transition
temperature. This work creates a prototype platform for subsequent investigation on tunable electronic properties
through the choice of captured atoms.
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I. INTRODUCTION

Elemental B exhibits extraordinary structural and chemical
complexity due to different arrangements of icosahedral B12

cages with three-center bonds within icosahedra and cova-
lent two- and three-center bonds between icosahedra [1–3].
Through metal doping, a more B-rich B24 cage can be ob-
tained in a B-based clathrate metal (M) dodecaboride, MB12,
which has broadly tunable properties with different guest
atoms [4–6]. To date, B-based clathrate structures have ex-
isted only in two types of MB12 compounds, namely I4/mmm
ScB12 and Fm-3m UB12, which include sodalite-like B24

cages with metal atoms at the center of each B cage [4].
With different guest atoms, MB12 exhibits properties such as
superhardness (above 40 GPa for ZrB12 [5] and Zr0.5Y0.5B12

[6]), superconductivity (at 4.7 K for YB12 and 5.8 K for ZrB12

[7]), and oxidation resistance (at ∼695◦C for Y0.5Sc0.5B12

[8]), making them of broad interest for industrial applica-
tion. Studies of B-based clathrate materials seem to have
focused mainly on guest-atom substitution [6,9]. However,
the host cage may also play a vital role in determining
material properties, for example, YH6 with H24 cages and
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YH9 with H28 cages (the recently high-pressure synthesized
clathrate superhydrides) having superconductivity at 227 K
[10,11] and 243 K [11,12], respectively, which are closely
related to the high H-derived electron density of states at the
Fermi level. The development of clathrate boride containing
new B cages will create exciting opportunities for material
innovation.

In classical clathrate structures, a suitable metal atomic ra-
dius is the primary requirement for accommodation in sodalite
B24 cages, with Y and Zr, respectively, being the largest and
smallest metals possible [4]. Any slight size deviation renders
the B-based clathrate structure unstable at ambient pressure
[13]. Under high pressure, however, the chemical bonding and
atomic radius are tuned, leading to synthesis of such as HfB12,
ThB12, and GdB12 that do not exist under ambient conditions
[14,15]. Among the known MB12 structures, Th has the largest
atomic radius [16]. Considering the sensitivity of clathrate
stability to the radius of guest metal atom, formation of such
a clathrate structure is inhibited when the atomic radius of
the candidate metal atom differs significantly from that of
existing clathrate borides. Furthermore, the formation of such
a clathrate structure is associated with electron transfer from
metal to the B atom. Based on these factors, La may be a
suitable metal candidate, with a slightly larger atomic radius
and lower electronegativity than those of Th [16,17], which
means that it might react with B at high pressures to form a
novel clathrate structure.
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The formation of La-B compounds under ambient pres-
sures has been extensively studied, but only LaB4 and LaB6

phases have been characterized reliably [18,19]. Their struc-
tures feature three-dimensional B backbones of B6 octahedra
with La in interstitial sites. The LaB phase, comprising
graphite-like B− layers, becomes stable above 30 GPa [20].
The behavior of La-B compounds at higher pressures remains
relatively unexplored. Here we experimentally and theoret-
ically investigate the chemistry of the binary La-B system
at high pressures, finding a series La-B compounds thermo-
dynamically stable at high pressure. A novel clathrate LaB8

compound with B26 cages was discovered under high-pressure
conditions. Electronic property calculations indicate its metal-
lic character with a superconducting transition temperature Tc

of 14 K at ambient pressure. LaB8 exhibits tunable proper-
ties, with marked enhancement of Tc through substitution of
alkaline earth metals for La.

II. METHODS

Structure prediction of the lanthanum borides were per-
formed by using a swarm intelligence structure search
method, as implemented in the CALYPSO code [21,22], which
has been validated with various known compounds [23–25].
We performed a structure prediction employing simulation
cells with 1, 2, and 4 formula units (f.u.) at selected pres-
sures of 1 atm and 50, 100, and 150 GPa. The ab initio
structural relaxations and electronic property calculations
were performed in the framework of density functional the-
ory [26,27] within the generalized gradient approximation
(GGA) [28] and frozen-core all-electron projector-augmented
wave (PAW) method [29,30], as implemented in the VASP

code [31–33], where 5s25p66s25d1 and 2s22p1 electrons were
taken as the valence electrons for La and B atoms, respec-
tively. A plane-wave kinetic energy cutoff of 650 eV and
appropriate Monkhorst-Pack k-meshes with grid spacing of
2π × 0.03 Å−1 were chosen to ensure that enthalpy cal-
culations were converged to less than 1 meV/atom. The
phonon calculations were carried out using both finite dis-
placement approach through the PHONOPY code [34]. The
electron-phonon coupling calculations were carried out using
QUANTUM-ESPRESSO (QE) package [35]. Ultrasoft pseudopo-
tentials were used with a kinetic energy cutoff of 50 Ry.
Bader’s quantum theory of atoms in molecules (QTAIM) anal-
ysis was employed for the charge transfer calculation [36].

Lanthanum metal (Alfa Aesar 99.5%), LaB6 (Alfa Aesar
99.5%) and B (Alfa Aesar, 99.99%) were purchased com-
mercially and used without further purification. In the cell-1,
La foil with the thickness of 2 μm was sandwiched between
the B plate (∼10 μm) and MgO plate (∼1 μm). While in
cell-2 and cell-3, binary (LaB6 + B) mixtures were milled
using Si3N4 media at 600 rpm for 1-min cycles over ∼ 24
hours. The milled powders were pressed to thin plates (10 μm)
then loaded into DAC sample chambers. The diamonds used
in DACs had culets with diameter of 60-150 μm and were
beveled at 8.5◦ to a diameter of about 250 μm. A composite
gasket consisting of a rhenium outer annulus and a cubic
boron nitride (c-BN) epoxy mixture insert was employed, and
MgO plates served as thermal insulation from diamond anvils.
The sample preparations were done in a glovebox with an
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FIG. 1. (a) Thermodynamic stability of various La-B compounds
with respect to elements La and B at selected pressures. The en-
ergetically stable phases are shown using solid symbols connected
by solid lines on the convex hull. (b) Pressure-composition phase
stability diagram of the La-B system.

inert Ar atmosphere and the contents of O2 and H2O less than
0.01 ppm. After being compressed to the certain pressure at
room temperature, samples were heated to about 2100 K with
a one-sided pulsed radiation from a YAG laser. The pressure
values were determined from Raman spectra of diamond [37]
and the equation of state (EOS) of the contacted MgO plate
[38].

In situ high-pressure x-ray diffraction measurements were
performed at beamline BL15U1 (0.6199 Å) of the Shanghai
Synchrotron Radiation Facility and HP-Station 4W2 of the
Beijing Synchrotron Radiation Facility. Using the geomet-
ric parameters calibrated by a CeO2 standard, the DIOPTAS

software package was used to integrate the powder diffrac-
tion patterns then convert to one-dimensional profiles [39].
Rietveld refinements of XRD patterns were conducted using
GSAS with EXPGUI packages [40]. Additionally, the dependen-
cies of the volume on pressure were fitted by the third-order
Birch-Murnaghan equation [41] to determine the main param-
eters of the EOS.

III. RESULTS AND DISCUSSION

In seeking a new type of B-based clathrate we under-
took an extensive search of known structures based on
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FIG. 2. (a) The crystal structures of clathrate LaB8. Each cage consists of 12 twisted rhombi and six twisted hexagons, with a single La
atom at the center. (b) Experimental XRD data (black points) of cell-3 collected at 131 GPa with Rietveld refinement (red line) of the R-3m
LaB8 and Fm-3m MgO phase. The two-dimensional cake image is presented above the integrated pattern. Unidentified reflections are indicated
by asterisks.

stoichiometric LaBx (x = 110) at pressures of 50, 100, and
150 GPa (Fig. 1). The energetic stabilities of LaBx compounds
were evaluated from their formation enthalpies with respect
to the dissociation products of La [42] and B [1] solids.
Previously known LaB, LaB4, and LaB6 phases were readily
identified [18–20], indicating the reliability of our calculations
[Fig. 1(b)]. The high-pressure phases of LaB4 and LaB6, both
with a Cmmm space group (Fig. S1 [43]), and two unexpected
compositions of LaB5 and LaB8 become stable at elevated
pressures. Detailed structural information, electronic proper-
ties, and phonon dispersion curves are shown in Figs. S2 to S4
and Table S1 [43].

Interestingly, LaB8 exhibits peculiar three-dimensional B
clathrate structures comprising contiguous face-sharing B26

cages [Fig. 2(a)] in which single La atoms are nested.
These cages are constructed from 12 twisted rhombi and 6
twisted hexagons, with B–B bond lengths of 1.65–1.72 Å
at 100 GPa. Enthalpy calculations reveal its thermodynamic
stability above 70 GPa. LaB8 appears to be an unprecedented
stoichiometry in metal borides that contain more B-rich cages
than conventional B24 cages in clathrate MB12. In phonon
calculations, clathrate LaB8 exhibits no imaginary phonon
frequencies at 0–150 GPa (Fig. S4 [43]), indicating its dy-
namical stability. The electron localization function (ELF) and
Bader charge analysis were undertaken to explore the bonding
nature of the clathrate structure LaB8 (Fig. S5 and Table S3
[43]). Results indicate strong covalent bonding between B
atoms and weak ionic bonding between La and the B26 cage.
Because of the strong B–B covalent bonding, we investigated
the specific Vickers hardness (Hv) of R-3m LaB8 using an
empirical model [44]. The calculated hardness of R-3m LaB8

is 25.3 GPa, indicating the possibility of its being a hard
material.

Guided by theoretical prediction, we carried out laser-
heated diamond anvil cell (LHDAC) experiments to synthe-
size the target clathrate LaB8. In cell-1, a piece of La foil and
excess B powder were compressed to 115 GPa and heated to
∼2100 K. X-ray diffraction (XRD) patterns (Fig. S6(a) [43])
indicate a complex mixture of products with predominant
LaB8 marked by a red bar below the pattern. There were also
some unidentified Bragg peaks.

To obtain high-quality XRD patterns of clathrate LaB8,
homogeneous fine-grained mixtures of LaB6 and B were used
as precursors in cell-2 and cell-3 experiments, targeting the
stoichiometric reaction, LaB6 + 2B → LaB8. Samples were
compressed to 108 GPa and 131 GPa, respectively, then laser
heated to ∼2100 K. XRD patterns (Figs. 2(b) and S7 [43]) are
consistent with the patterns calculated for clathrate LaB8. The
peaks marked with asterisks in Fig. 2(b) could not be repro-
duced in other experiments, indicating that they may be due to
other LaB stochiometries or impurities. Upon decompression,
LaB8 was stable to at least 83 GPa, decomposing to LaB6

and B at 66 GPa [Fig. 3(a)]. Due to the relatively low atomic
scattering power of B, the diffraction patterns are mainly
determined by La sublattice. Therefore, we further developed
the EOS fitted in the unloading process, which is highly
consistent with the theoretical EOS of LaB8, demonstrating
that we successfully synthesized clathrate LaB8. Considering
that the LaB8 structure is dynamically stable at atmo-
spheric pressure, one may therefore be stabilized via some
special techniques, such as releasing pressure at low temper-
ature [45,46], rapid pressure-quenching method [47–49], and
so on.

The discovery of superconductivity in MgB2 at 39 K [50]
provided a new perspective in the search for metal boride
materials with high Tc, with strong electron-phonon coupling
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FIG. 3. (a) Experimental XRD patterns of cell-2 during decom-
pression in the pressure range of 66–108 GPa. (b) Experimental
EOS (solid black line) with B0 = 194(2) GPa, B′

0 = 4.0 (fixed) and
calculated EOS (dashed lines) with B0 = 188(1) GPa (DFT-PBE),
B′

0 = 4.0 (fixed) for R-3m LaB8. Experimental data for the samples
are shown as asterisk, rhombus, and square points. The third-order
Birch-Murnaghan equation was fitted to the PV data.

of B layers in the structure being largely responsible for the
high Tc [51]. However, the rather low superconductivity of
0.39 K, 4.7 K, 5.8 K, and 0.4 K were observed in conven-
tional clathrate borides MB12, for ScB12, YB12, ZrB12, and
LuB12, respectively [52,53]. Therefore, we are quite curi-
ous about the superconductivity in the novel clathrate boride
LaB8. We first performed the electronic property calculations
for LaB8 at selected pressures and compared the results with
those for LaB12, the structure of which was constructed from
known prototype structures of I4/mmm ScB12 and Fm-3m
UB12 (Figs. 4(a) and S8 [43]). The results indicate the metal-
lic nature of all three structures, with the B-derived DOS
value of LaB8 around the Fermi level (FL) being higher than
that of LaB12, which means the superconductivity may be
significantly improved. The superconducting Tc value was
estimated using the Allen-Dynes modified McMillan equa-
tion (Figs. 4(b) and S9 [43]). The electron-phonon coupling
constant λ of LaB8 is calculated to be 0.61, which is larger
than that of Fm-3m LaB12 (0.25) and I4/mmm LaB12 (0.24),
leading the estimated Tc as high as 14 K at ambient pressure

(a)

(b)

FIG. 4. (a) The electronic band structure and projected DOS for
R-3m LaB8 at 0 GPa. (b) Phonon dispersion relations, projected
PHDOS, and Eliashberg spectral function for of LaB8 at 0 GPa. The
size of the red dots represents the magnitude of the EPC.

with μ* of 0.1, much higher than 0.01 K and 0.01 K in Fm-3m
LaB12 and I4/mmm LaB12.

The phonon dispersion, projected phonon DOS, and
Eliashberg spectral function [α2F(ω) and its integral λ(ω)]
calculations of LaB8 were all undertaken to explore the su-
perconducting properties [Fig. 4(b)]. The calculated phonon
DOS can be separated into two regions: low-frequency vibra-
tions (0–6 THz) related to La atoms and the high-frequency
vibrations related to B atoms. The vibrations of B atoms in
a large range of 6–26 THz contribute as much as 89% to
the total λ. Considering the significant DOS at the FL of B
atoms, we therefore conclude that the coupling between the
electrons and phonon vibrations of B atoms is responsible
for the high superconductivity of LaB8. While the aver-
age phonon frequency gradually increases with decreasing
λ at higher pressures, leading to a predicted Tc of 2.1 K at
100 GPa.

The electronic DOS of LaB8 exhibits a peak below the
FL [Fig. 4(a)], providing a feasible means of increasing the
electronic DOS around the FL through the tunable electronic
structure of the B26 cage in LaB8. We substituted La of R-3m
LaB8 with other guest ions to construct a series of R-3m
structures of MB8 compounds (M = Mg, Ca, Sr, Y). Phonon
dispersion relations of these structures indicate their dynamic
stability at ambient pressure (Fig. S4 [43]). Electron-phonon
calculations of substituted MB8 were performed at ambient
pressure, with specific λ, α2F (ω), and Tc values as listed
in Figs. S9 and S10. With alkaline earth elements inserted
into the B26 cage there was less electron transfer to B atoms
than La atom, leading to a notable increase in electron den-
sity around the FL (Fig. S10 [43]). As anticipated, the MB8
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(M = Mg, Ca, Sr) structures demonstrate high-temperature
superconductivity at ambient pressure (Fig. S10 [43]). The
current results could provide a theoretical guidance for future
experiments.

IV. CONCLUSION

The high-pressure behavior of binary La-B compounds
was investigated by combining a crystal structural search and
the LHDAC technique. A novel clathrate boride, LaB8, with
a three-dimensional B network of B26 cages with a La atom
at the center, was successfully synthesized at high pressure
and temperature. Electronic property calculations indicate its
metallic nature with a predicted Tc of 14 K at ambient pres-
sure. Subsequent calculations indicated its tunable properties,
with Tc values showing a great improvement with substitution
of alkaline earth metals for La. This study provides a new
platform for the design of materials with tunable electronic
properties, and may stimulate high-pressure experimental

work on the synthesis of high-Tc superconductors based on
clathrate structures.
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