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High-temperature superconductivity of boron-carbon clathrates at ambient pressure
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The successful synthesis of the carbon-boron clathrate SrB;C; under high-pressure conditions of 50 GPa
opens up a new possibility for exploring high-temperature superconductors at ambient pressure. Based on the
first-principle calculation, we designed a class of LaH;y-like clathrate compounds Fm3m-XB,Cs (X = K, Rb,
Cs, Sr, Ba, Ga, In, T1, Sn, Pb, and Bi) and investigate their physical properties and potential superconductivities.
Our calculations reveal that the dynamic stability of Fm3m-XB,Cg at ambient pressure is determined by the
degree of compatibility between the host metal X and the carbon-boron sublattices. Especially, p orbitals of the
p-region metals can enhance the interaction of the guest atoms with B-C cages, which results in maintaining
these clathrates as dynamically stable. Moreover, altering the oxidation states of the guest atoms can adjust
the electronic density of states near the Fermi surface, which in turn affects the superconducting transition
temperatures (7;’s) of these compounds. Herein, when filled with 41 oxidation state metals, the 7.’s of XB,Cg
(X = K, Rb, Cs, Ga, In, and TI) all exceed the liquid-nitrogen boiling point of 77 K and the 7, of TIB,Cs is
expected to reach 96 K at ambient pressure, which is the highest among the studied carbon-boron compounds.
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I. INTRODUCTION

Superconductivity has been one of the central topics in
condensed-matter physics due to its unique phenomena and
promising applications [1-9]. Since the past century, uncon-
ventional superconductors represented by YBaCuO [1-3],
HgBaCaCuO [4-6], and Las;Ni,O7 [10] have achieved su-
perconducting transition temperatures (7;’s) above the boiling
point of liquid nitrogen. However, the lack of understanding
of the mechanism underlying superconductivity impedes the
further development of these materials. In the field of con-
ventional superconductors, clathrate hydrides such as CaHg
[11,12], CeHg [13,14], and LaH;o [15-17] have been the-
oretically predicted and experimentally confirmed based on
the Bardeen-Cooper-Schrieffer theory [18] and the “chemical
precompression” theory [19]. In these hydrides, electrons do-
nated by guest metals fill the antibonding orbitals of hydrogen,
causing H atoms to form caged skeletons connected by weak
covalent bonds, rather than appearing as H, units [11,15]. The
average distances of H-H bonds are close to the theoretical
metal-hydrogen bond lengths, resulting in near-room temper-
ature superconductivity [15,17]. Unfortunately, the weakened
H-H covalent bonds also require extremely high pressures
to stabilize these metallic hydrides, which seriously limits
their synthesis and practical applications. [11-17,20]. There-
fore, searching for new superconducting materials with clear
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superconductivity mechanisms that are stable under ambient
pressure becomes the next challenge in the field of supercon-
ductivity.

Boron and carbon are the lightest elements capable
of forming strong covalent bonds, for which materials
based on these elements are expected to exhibit strong
covalent bonding/antibonding states across the Fermi
energy level (Ep) [21,22]. These states can effectively
interact with phonons, thus giving rise to potentially strong
electron-phonon-coupling (EPC) superconductivity [22-29].
A prominent example of this scenario is the conventional
superconducting compound MgB,, which exhibits a 7. of
39 K at ambient pressure, owing to the strong coupling of
o electrons located in the antibonding state with phonons
[23,24]. Inspired by these observations, several potential
conventional superconductors with strong EPC have been sug-
gested, including CaCg [25], YbCg [25], YBg [26], NaCg [22],
BaB3;Cs [28], and the recently experimentally synthesized
SrB;C3 [27-29]. Notably, SrB;C; and BaB3Cj3 represent a
promising class of B-C compounds in which the B-C cage
skeletons resemble the Hys cages of the well-known binary
hydrogen-rich compound CaHg. This can be considered as
substituting H atoms with equal proportions of B and C atoms
in the cage backbone of CaHg. Guest metals with appropriate
oxidation states provide additional electrons to the B-C
skeleton, where the high density of electronic states near the
Er and the lattice vibrations result in strong EPC, leading to
superconductivity [27-29].

Recent studies on nonhydrogen cage compounds, which
have a structure akin to CaHg, indicate that replacing the
H atoms in common hydride cages with light elements can
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effectively lead to the discovery of new stable superconduc-
tors at ambient pressures [22,27-33]. These findings hint at a
new realm for delving into high-7; superconductors. With the
vast array of cagelike structures available, there is a promising
avenue to explore potential superconductors grounded in alter-
native cage designs. For example, LaH,( represents another
well-known cage hydride with high-temperature supercon-
ductivity and a T; higher than that of CaHg [11,12,15-17],
which implies that LaH;y-based B-C cage compounds may
exhibit better superconductivity potential at ambient pres-
sure. In view of the above analysis, we propose a class of
boron-carbon clathrates Fm3m-XB,Cs (X = K, Rb, Cs, Sr,
Ba, Ga, In, Tl, Sn, Pb, and Bi) by replacing two types of
H atoms in the Hjz, cage of LaH;y with boron and carbon
and investigate their crystal structure properties, dynamical
stability, and possible superconductivity at ambient pressure.
We find 11 dynamically stable structures, including 9 metals
and 2 nonmetals. The calculation results indicate that the
electronic density of states at the Er and T, of XB,Cg can
be tuned by changing the oxidation states of the guest metal
atoms. Estimated from the Allen-Dynes modified McMillan
equation, the 7, of XB,Cs exceeds the boiling temperature
of liquid nitrogen when filled with +1 oxidized metal X (X
= K, Rb, Cs, Ga, In, and TI). More interestingly, TIB,Cg
shows a T, of 96 K, which to our knowledge, is the highest of
the known boron-carbon compounds at ambient pressure. Our
research reveals a class of high-temperature superconduct-
ing materials at ambient pressure with potential applications,
which enriches the components of B-C superconducting ma-
terials and will facilitate the exploration of conventional
superconductivity.

II. COMPUTATIONAL METHODS

Our first-principle calculations, including structural ge-
ometry optimization, phonon dispersion, molecular dynamics
simulations, and electronic structure calculations, were imple-
mented in the Vienna Ab initio Simulation Package (VASP)
based on density-functional theory [34,35], with the Perdew-
Burke-Ernzerhof generalized gradient approximation [36]
of the projector-augmented-wave method [37]. The cutoff
energy of the plane-wave was set to 800 eV. In the struc-
tural optimization process, the convergence thresholds were
10~7 eV for energy and 1073 eV/A for force, with the
Monkhorst-Pack k-point spacing distribution of 0.03 A~
The Heyd-Scuseria-Ernzerhof (HSE06) hybrid function [38]
was used to evaluate the band structures and density of
states (DOS), and, for the heaviest sixth-period elemental
compounds, the effect of spin-orbit coupling (SOC) on their
energy bands was considered. Phonon dispersion calculations
were performed on 2 x 2 x 2 supercells containing 88 atoms
utilizing the VASP package coupled to the PHONOPY code
[39,40]. Interactions in the crystal structure were analyzed by
the MULTIWEN 3.8 program for interaction region indicators
(IRIs) based on reduced density gradients [41,42]. All IRI
maps were rendered by the VMD 1.9.3 program [43]. For
compounds exhibiting metals, a higher accuracy of phonon
dispersion and EPC calculations were performed with the
QUANTUM ESPRESSO software package [44]. Ultrasoft pseu-
dopotentials for all elements were used with a kinetic energy
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FIG. 1. (a) The crystal structure of Fm3m-LaH,o. La atoms are
shown in green, and two different kinds of H atoms are shown in
pink and gray. (b) The crystal structure of Fm3m-XB,Cs (X =K,
Rb, Cs, Sr, Ba, Ga, In, Tl, Sn, Pb, and Bi). X atoms are shown in
violet, B atoms are shown in cyan, and C atoms are shown in orange.
(c) Calculated ELF of Fm3m-KB,Cs at 0 GPa. (d) Periodic table
of the stability for Fm3m-XB,Cg at ambient pressure, with columns
indicating the major groups of elements and rows indicating periods,
where dynamically unstable compounds in phonon calculations at
atmospheric pressure are shown in gray and stable compounds are
shown in blue.

cutoff of 80 Ry. A k mesh of 18 x 18 x 18 and a g mesh
of 6 x 6 x 6 for structures in the first Brillouin zone were
adopted in the EPC calculations. The superconducting critical
temperature was estimated from the self-consistent solution
of the Allen-Dynes-corrected McMillan equation [45], ex-
pressed as

ey
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where n* denotes the Coulomb pseudopotential, taken as

n* =0.1-0.13 in our calculations. wy,, is the logarithmic
average of the phonons, expressed as
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The electron-phonon coupling constant A was expressed as
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III. RESULTS AND DISCUSSION

Drawing inspiration from the renowned superhydride su-
perconductor Fm3m-LaH,o [15-17], we propose a class of
carbon-boron clathrate materials. The distinctive Hz, back-
bone of LaHj, features two types of nonidentical H atoms,
which occupy the 8c and 32f Wyckoff positions. These
atoms surround the metal atoms situated at the cage cen-
ters, forming conventional host-guest structures as depicted
in Fig. 1(a). We have devised model structures by replac-
ing B and C atoms within the Fm3m-LaH;, framework.
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Considering the extremely large number of potential sub-
stitutions (on the order of 232) for the LaH;, lattice, we
employ a computationally manageable approach to this chal-
lenge. We assume fixed symmetry of the structure and only
make substitutions of atoms on special framework Wyck-
off positions. We maintain the symmetry of the structure
and solely focus on atom substitutions at specific frame-
work Wyckoff positions. Using this method, we replace
the two kinds of distinct H atoms with light nonmetallic
elements B and C.

After full optimization of the structure at ambient pressure,
we derive Fmgm-XBZCg, where X denotes different guest
metals [Fig. 1(b)]. Unlike StB3;C; and other CaHg-like mate-
rials, the new B-C clathrates retain LaHq structural features.
For each B-C cage, 24 C atoms form 6 C,4 squares, while 8 B
atoms are connected to the adjacent C4 units, resulting in 12
C4B; hexagonal planes. The B and C atoms form the inter-
connected framework, while the guest metal atoms occupy the
center of the cubic unit. We compute the electron localization
function (ELF) to investigate the electron distribution and
bonding interactions in X B,Cg. The B-C framework is bonded
with polar strong covalent bonds formed by sp? hybridization,
which is a major factor for the stability of XB,Cg at ambient
pressure. As an example, the values of ELF between the B-C
and C-C atoms are larger than 0.75 for KB,Cg, indicating
strong interactions between the atoms [Fig. 1(c)]. There is
no electron localization between the K atom and the B-C
backbone, which implies that the guest metal K shows pure
ionic bonding.

Having ascertained the structures of the new ternary B-C
compounds, we further investigated the dynamical stability
of Fm3m-XB,Cg for 18 different elements as guest atoms
[Fig. 1(d)]. Our results indicate that 11 compounds are dy-
namically stable at ambient pressure, including 9 metals (X =
K, Rb, Cs, Ga, In, TI, Sn, Pb, and Bi) as well as 2 nonmetals
(X = Sr, Ba) (see Figs. S1- S3 in the Supplemental Material
[46]). All these stable compounds share the same symmetry
as Fm3m-LaH;, and the B-C sublattices are connected in
covalent bonds. The B-C bond lengths range from 1.65 to
1.70 A, while the C-C bond lengths range from 1.59 to 1.61
A, which indicates that changing the inserted metal atoms
at ambient pressure has little effect on the size of the B-C
sublattice.

Interestingly, we find that with decreasing atomic radius of
the guest metals, the dynamic stability of XB,Cg at ambient
pressure gradually declines (Fig. 1(d), Table S1 [46]). For the
alkali-metal compounds with the largest atomic radii, KB,Cs,
RbB,Cg, and CsB,Cg are kinetically stable at atmospheric
pressure. However, as the guest atomic radius decreases,
the phonon spectrum of the alkaline-earth-metal compound
CaB,Cg exhibits imaginary frequencies, which indicates a
loss of structural stability (see Fig. S1 in the Supplemental
Material [46]). We have not found a structure that remains
stable at ambient pressure for the neighboring group III B
elements with smaller radii. Interestingly, this stability rule
is also consistent with previous reports on materials such as
XB3C5 [21,30] and XB5Si3 [31], which demonstrate the im-
portance of favorable matching between boron carbide cages
and internal metal atoms [21,22,27-31]. Noticeably, for the
guest metal X, although the average atomic radius of the

elements in the p region (from group III A to group V A
of the periodic table of the elements) is much smaller than
that of Ca, Sc, Y, and La, which form kinetically unstable
compounds at atmospheric pressure, a similar kinetic stabil-
ity law still applies to the p-region elements (Fig. 1(d) and
Fig. S2 [46]).

To investigate the origin of the anomalous stabilities of
metallic borocarbides in the p region, we calculated the IRIs
[41] (Fig. 2). This method measures the strength of the inter-
action by p (electron density), which allows different colors
to distinguish the regions and types of interactions. Figure 2
displays the IRIs of six representative compounds of period
6, illustrating the strength of the weak interaction forces
and the region of action. This allows for further analysis
of the potential interactions between the boron-carbon cage
and the metal atoms. For the stable CsB,Cg, the deep blue
isosurfaces between the B-C and C-C bonds correspond to
covalent bonding. The green isosurfaces around Cs atoms
suggest a weak interaction force between guest metals and
the B-C sublattice, comparable to the van der Waals force,
while the coexistence of light red areas also reveals the
presence of a steric effect. A state of approximate equilib-
rium between the weak interaction and steric effects enables
CsB,Cg to remain dynamically stable at atmospheric pres-
sure. However, the matching of metal atoms to B-C cages
deteriorates with the decreasing size of metal atoms in the
same period [Figs. 2(a)-2(c)]. Particularly for LaB,Cg, the
red region representing the steric effect is significantly inten-
sified, disrupting the original equilibrium state and making
the compound unstable. Significantly, this imbalance can be
restored by applying external pressure. When the pressure
is increased to 100 GPa, the B-C sublattice in LaB,Cg is
compressed, resulting in a size reduction, and both rg.¢ and
rc.c bond lengths are shortened to 1.55 A. Phonon disper-
sion shows that the LaB,Cg becomes dynamically stable
at 100 GPa (see the phonon dispersion curves for LaB,Cg
at 0 and 100 GPa in Figs. S4(c) and S4(d) of the Sup-
plemental Material [46]). Compared to the IRI at 0 GPa,
the weak interaction region of LaB,Cg at 100 GPa is no-
ticeably darker, implying an improved match between the
metal atoms and the B-C cage (see the isosurface map
of IRIs of LaB,Cg at 0 and 100 GPa in Figs. S4(a)
and S4(b) of the Supplementary Material [46]). For p-
region elements, a smaller average atomic radius leads to
a stronger steric effect [Figs. 2(d)-2(f)], but near the guest
metal, the equivalence surface with a bluer color indicates
a stronger interaction of the p-region metal with the B-C
cage, which enables the delicate equilibrium relationship to be
reconstructed.

Figure 3 shows the oxidation states of metals and the
effect of p-region metals on the electronic properties of the
compounds, where the electronic band structures and partial
density of states (PDOS) for the six most representative com-
pounds are displayed, grouped by period (Cs, Ba, La, TI, Pb,
and Bi), and the remaining are shown in Fig. S3 in the Sup-
plemental Material [46]. For guest metals X with Cs, Ba, and
adjacent La, the energy band of Fm3m-XB,Cs exhibits a clear
rigid-band model: the valence band regions are mainly derived
by the B-C sublattices and their shape is barely influenced by
the inserted X atoms. The metal X with different oxidation
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FIG. 2. Isosurface map of interaction region indicator (IRI) of (a) CsB,Cs, (b) BaB,Cs, (c) LaB,Cg, (d) TIB,Cg, (e) PbB,Cs, and (f)
BiB,Cg, at 1 atm, using the standard coloring method and chemical explanation of sign(X,) p on IRI isosurfaces.

states is almost fully ionized and transfers charges to the B-C +1 oxidation state are inserted, the Ep traverses the valence
sublattice, occupying its electron orbitals and thus shifting the band and approaches a peak in the DOS composed almost
energy level of the Er. As a result, when Cs atoms with a entirely of the electrons from C and B atoms. The high DOS
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FIG. 3. Calculated electronic band structures and projected density of states (PDOS) for (a) CsB,Cs, (b) BaB,Cs, (¢) LaB,Cs, (d) TIB,Cs,
(e) PbB,Cs, and (f) BiB,Cy at atmospheric pressure by using HSE06 + SOC where the Ep is set to zero. The total densitis of states for B, C,
and guest metals projected onto the energy band are shown with blue, red, and green points, respectively.
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peak at Er originates from the Van Hove singularity near the
high symmetry point L and is crucial to improving the pos-
sibility of forming Cooper pairs in CsB,Cg, which enhances
the EPC strength and superconductivity [Fig. 3(a)]. When Sr
and Ba atoms with +2 oxidation state are inserted, the boro-
carbide cage receives almost fully ionized electrons from the
alkaline-earth metal to form the X*t[B,Cs]>*~ formula, lead-
ing to an upward shift of the Er into the forbidden band region
and producing an insulator (Fig. 3(b) and Fig. S3 [46]). When
filling with La atoms in the +3 state, the Er continues to rise
and crosses the conduction band, forming an electron-doped
conductor [Fig. 3(c)].

Elements in the p region usually have multiple oxidation
states, such as the toxic element Pb, which has +2 and +4
as its most common oxidation states [21]. By performing
the Bader charge transfer analysis [47,48], we find that in
compounds XB,Cg the metals from groups III A and IVA
exhibit +1 and 42 oxidation states, respectively (Table S2).
This means that the energy band structure of TIB,Cg behaves
similarly to that of CsB,Cg, but a higher DOS near the Ep
indicates a greater potential for superconductivity [Figs. 3(a)
and 3(d)]. It is worth noting that when p-region elements
are inserted, the 6p orbitals of guest metals create a distinct
interaction region with the 2p orbitals of C atoms [gray shaded
region in Figs. 3(d)-3(f)]. This also confirms that the p-region
guest metals and B-C cages can form interactions similar to
weak m-bonds, thus keeping XB,Cg dynamically stable at
atmospheric pressure (X = Ga, In, Tl, Sn, Pb, and Bi). By
replacing the guest metals from Tl to Pb and Bi, with the
increase of atomic number, more electrons fill into the p or-
bitals of the guest metals, resulting in a decrease of the energy
of the interacting electron band and a gradual strengthening
of the weak m-bonds [Figs. 3(d)-3(f)]. At the same time, the
lowered electron bands cross the Er and hybridize with the top
of valence bands, which causes the metallization of PbB,Cg
and BiBng.

For investigating the potential superconductivity properties
of 9 ternary B-C compounds that show metallic behavior at
ambient pressure, we used the Allen-Dynes-modified McMil-
lan equation to estimate the 7,’s, logarithmic average phonon
frequency wioe (K), and electron density Ngp at the Ep
(states/eV /f.u.), as shown in Fig. 4 and Table S3 [46]. The su-
perconductivity of XB,Cg compounds can be broadly divided
into two types based on their metallization. On the one hand,
for structures filled with 41 oxidation metals (X = K, Rb, Cs,
Ga, In, and T1), the Er crosses the valence bands and creates
hole-type conductors, resulting in the 7;.’s of all these phases
being above the liquid-nitrogen boiling-point temperature. For
the phases containing group IA metals, their A ranges from
1.34 to 1.51 and wee from 734 to 765 K, leading to 7.’s in
the range of 85-92 K (u* = 0.1). When containing metals
from group III A, though the wi,, of these phases drops to
around 650 K, higher Ngr and A values keep even slightly
enhanced values of T.’s. Notably, TIB,Cg has a T, of 96 K,
which exceeds KPbB¢Cg (88 K) predicted by Geng et al. [21]
and is the highest among our analyzed systems. On the other
hand, for phases involving metals in the p region with 42
or higher oxidation states, the metallization is dominated by
guest metals and increases with the increase in the p orbitals
of the metals. For group IVA SnB,Cg and PbB,Cg, the low
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FIG. 4. Calculated superconducting parameters for Fm3m-
XB,Cs (X =K, Rb, Cs, Ga, In, T1, Sn, Pb, and Bi). T..’s calculated by
Allen-Dynes-modified equations (u* = 0.1-0.13), wyog, A, and Ngp
at the Er. The gray dashed line in the picture is the liquid-nitrogen
boiling-point temperature.

DOS near the EF decreases the electron-phonon interaction
drastically, resulting in their A values being less than 0.6 and
their 7,’s being less than 8 K. In our calculations, although
BiB,Cs has the highest Vg, the heavy Bi atom severely limits
the A value, and the value of T is less than that of the first class
of structures, which is only 25 K.

To further explore the origin of this strong EPC, we plotted
the phonon spectrum, phonon density of states (PHDOS), and
integral EPC parameter A for all identified superconducting
phases (Fig. S5 [46]). It is worth noting that superconducting
phases can be classified into four groups based on the main
group of the inserted metallic elements. The phonon spectra of
metallic superconducting phases within the same main group
are very similar. Therefore, we selected the four most rep-
resentative superconducting phase phonon spectra, as shown
in Fig. 5. For all considered phases, the phonon spectrum
can be divided into two regions: the low-frequency region
around 3 THz dominated by the vibrations of the heavy guest
metal atoms (green peaks in PHDOS), and the high-frequency
region arising from boron and carbon vibrations (red and
blue peaks in PHDOS). CsB,Cg and TIB,Cg with high 7.’s
of over 90 K have a very similar phonon spectral structure
[Figs. 5(a) and 5(b)]. The integral curve of A grows rapidly in
the 12-20 THz range, corresponding to the red region in the
phonon spectrum and the two distinct peaks in the Eliashberg
spectral function. The peaks in the 12-15 THz interval are
almost entirely attributed to C optical phonons, corresponding
to the telescopic vibrations of the ortho-tetragonal C loops,
while for the peaks at higher frequencies in the 16-20 THz
range, the ratio of B to C optical phonon contributions is about
2:3, corresponding to the contractive and bending vibrations
of the hexagonal B-C loops. In the case of PbB,Cg with the
lowest T, [Fig. 5(c)], the electron-phonon coupling of optical
phonons is low, and the contribution to XA is concentrated in
the high-frequency region above 20 THz. In Fig. 5(d), the
metal Bi in BiB,Cg contributes significantly to the Eliashberg
spectral function with a contribution of about 34%. Compared
to TIB,Cs, which has the highest 7. value, BiB,Cg lacks
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FIG. 5. Phonon dispersion curves, projected phonon density of states, Eliashberg spectral function scaled by the frequency [a>F (w)], and
the EPC integral (A) for (a) CsB,Cs, (b) TIB,Cs, (c) PbB,Cg, and (d) BiB,Cg at 0 GPa. The bubble’s radius on the phonon dispersion curve is

proportional to the electron-phonon coupling constant (A).

the electroacoustic coupling contribution in the 12-15 THz
interval, which results in a value of A only slightly above 1.
Eventually, the 7, of BiB,Cg fails to exceed the McMillan
limit.

Finally, we performed molecular dynamics simulations of
the stable 11 structures using the NPT system synthesis [49].
The results show that all the structures (except BiB,Cg) have
good structural energy stability at 300 K and 1 atm (see
Fig. S6 in the Supplemental Material [46]), and their ki-
netic barriers prevent the structures from decomposing under
ambient conditions. In addition, we further investigated the
thermodynamic stability of KB,Cg by assuming several pos-
sible decomposition pathways, like the elemental phase, BCs
[50], K,C; [51], and KCg [52,53], and systematically studied
the enthalpy of formation as a function of pressure. Figure S7
in the Supplemental Material [46] shows the enthalpy dif-
ferences for several selected reaction paths in the 0-50 GPa
pressure range. Even though the enthalpy difference for the
decomposition of KB,Cg into elemental phases at 25 GPa
exceeds 340 meV /atom, this still does not completely exclude
the possibility of synthesizing such cagelike B-C compounds.
It was reported that compounds such as SiBg and Cgy were
successfully synthesized experimentally [54,55], while the
calculated formation energies reached 289 meV /atom [56]and
350 meV /atom [57] for them, respectively.

Additionally, experimental method improvements can also
facilitate the synthesis of suitable materials. For exam-
ple, Guan et al. successfully demonstrated the possibility

of synthesizing synthetic Li-Mg-H substable hydrogen-rich
compounds using the pressure-potential method at moder-
ate pressure [58]. Gao et al. applied plastic shear in their
experiments and succeeded in reducing the pressure and tem-
perature conditions for synthesizing diamond to 0.7 GPa and
300 K, which is about 2 orders of magnitude lower than the
transformation pressure under quasihydrostatic conditions
[59]. Encouragingly, we note that the enthalpy of production
of KCg at 45 GPa is higher than that of KB,Cg, which implies
that the B-C material can be synthesized by this particular
reaction route under certain conditions.

IV. CONCLUSIONS

In conclusion, we have identified a class of boron-carbon
clathrates Fmgm-XB2C3 (X = K, Rb, Cs, Sr, Ba, Ga, In, TI,
Sn, Pb, and Bi), which has a cage structure similar to the typ-
ical hydride LaH,( and is dynamically stable at atmospheric
pressure, including nine metals and two semiconductors. IRI
calculations show that the stability of XB,Csg depends on the
guest metal radius and oxidation state; with decreasing radius
and increasing oxidation state, the rising potential resistance
effect weakens the interaction between the guest metal and
the B-C sublattice, making the structure unstable. For com-
pounds containing metals with smaller average atomic radii
in the p region, the p orbital of the guest atom strength-
ens the interaction with the B-C sublattice, counteracting
the additional repulsive forces due to the potential resis-

144509-6



HIGH-TEMPERATURE SUPERCONDUCTIVITY OF ...

PHYSICAL REVIEW B 109, 144509 (2024)

tance effect and stabilizing the compound. As estimated from
the Allen-Dynes-modified McMillan equation, at atmospheric
pressure, T.’s of XB,Cg with filled oxidation states of +1
metal all surpass the boiling temperature of liquid nitrogen,
with TIB,Cg reaching 96 K, the highest of our boron-carbon
compounds. Our study presents a class of atmospheric pres-
sure high-temperature superconducting materials with high
potential applications, which will further promote theoretical
exploration in the field of conventional superconductors and
provide a reference for the experimental synthesis of new
conventional superconductors.
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