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carbon clathrates with superior hardness
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To explore phonon-mediated superconductors with critical temperature (Tc) exceeding the liquid-nitrogen
temperature under ambient pressure, two pure carbon structures C6 and C10 with a carbon-cage-network are
designed and their superconductivity is investigated. By shifting the Fermi level by hole doping, we successfully
obtain the metallized sp3-hybridized covalent σ -bonding bands, which generally show strong coupling with
phonons. Based on first-principles calculations and the Wannier interpolation technique, the lattice dynamics,
mechanical properties, electronic structures, and electron-phonon coupling of hole-doped C6 and C10 clathrates
are investigated. Both the enlarged density of states at the Fermi level and the softened phonons play significant
roles in the enhancement of electron-phonon coupling. By solving the anisotropic Eliashberg equations, we find
that the Tc of hole-doped C6 and C10 clathrates can reach about 43 K and 150 K, respectively. Additionally,
pristine C6 and C10 clathrates exhibit ultrahigh hardness simultaneously. This study suggests that a carbon-cage-
network is another direction to explore materials simultaneously possessing high-temperature superconductivity
and ultrahigh hardness.
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I. INTRODUCTION

Since superconductivity was discovered by Onnes more
than 110 years ago, boosting superconducting Tc has be-
come one of the the most fascinating research topics in
condensed matter physics. High Tc may be induced in the
light-element compounds, owing to their high Debye tem-
perature, which reflects the energy scale of electron pairing.
Experimental evidence has confirmed the superconductiv-
ity of previously predicted dense sulfur hydride with Tc ∼
203 K at 155 GPa [1,2], offering another route in the search
for high-temperature superconductivity in conventional super-
conductors [3]. Binary hydrides remain the most promising
system for fruitful synergy between theory and experiment.
When hydrogen atoms form clathrate-like structures under
high pressure, they can also exhibit extremely high Tc. For
instance, 215 K in clathrate calcium hydride CaH6 at 172 GPa
[4,5] and the subsequently 224 K in YH6 at 166 GPa [6,7]
have been experimentally reported, with calcium and yttrium
atoms located at the center of H24 cages. Clathrate-like struc-
tures with even greater hydrogen content were later predicted
for rare-earth hydrides YH10, LaH10, and CeH10 [8,9]. The
superconductivity has been experimentally confirmed to be
∼ 250–260 K in LaH10 at 170–180 GPa [10,11], and 115 K in
CeH10 at 95 GPa [12], which are close to the predicted results.
Based on the Bardeen-Cooper-Schrieffer (BCS) [13] and
Migdal-Eliashberg theories [14], the high Tc of hydrogen-rich

*Contact author: hylu@qfnu.edu.cn

superconductors markedly benefits from strong electron-
phonon coupling (EPC) and high-frequency hydrogen-related
phonons, which satisfies two of the three factors that affect
the Tc of phonon-mediated superconductors, with the other
one the high density of states (DOS) at the Fermi level N (0)
[15]. Although the clathrate structures formed by H atoms
successfully drive the near room-temperature superconduc-
tivity, the condition of extremely high pressure to realize the
Tc is challenging to achieve in general laboratories, and the
decrease of pressure will lead to structural phase transition and
the lost of stability, making hydrogen-based superconducting
materials rather difficult in practical applications.

Since the near-room-temperature superconductivity of
hydrides is almost exclusively present in certain special struc-
tures, such as the aforementioned cage configuration [4–12],
whether these cagelike network can remain stable and super-
conducting at low or even ambient pressure is fascinating.
However, the stability of the hydrogen cages mentioned above
cannot be maintained under ambient pressure. Compared with
hydrides, carbides are another widely concerned and investi-
gated materials. It has been reported that when carbon atoms
form a cagelike structure, they can successfully stabilize un-
der ambient pressure. For instance, the best-known one is
fullerene [16,17]. In the case of fullerene crystals, supercon-
ductivity has been discovered, and the Tc can be tuned in
the range of 18–40 K in alkali-metal-doped C60 [18–20]. In
some so-called smaller fullerenes, superconductivity has also
been investigated, such as 55 K in Na-doped C20 [21]. In the
halogen-doped carbon clathrate FC34, with the coalescence of
C20 and C28 cages, the Tc was theoretically predicted to be
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77 K [22], reaching the liquid nitrogen temperature. Addi-
tionally, the predicted Tc can be up to 80 K in metal-doped
(BC)3 clathrates [23–25]. Based on the above research, it can
be seen that, unlike isolated-like fullerene crystals, high-Tc

superconductivity turned out to be induced in the clathrate
structures with strong bond coupling among carbon cluster
units. One possible reason for the low Tc of isolated fullerene
crystals may be the lack of strong structural coupling between
clathrate units.

Here, employing the method of element replacement, we
have designed two pure carbon clathrates, C6 and C10, inspired
by the clathrate structures formed by H atoms in experimen-
tally synthesized CaH6 [4,5] and LaH10 [9,11]. The structural
design is based on the principle that carbon atoms form dis-
tinct cagelike features, with apparent coupling characteristics
between the cage units, such as sp3-hybridized σ bonds or
shared atomic surfaces. First-principles calculations, in con-
junction with the Wannier interpolation technique [26–29],
are performed to determine the lattice dynamics, electronic
structures, and superconductivity properties of C6 and C10

clathrates. The results indicate that the pristine C6 and C10

are both insulators but simultaneously exhibit ultra-high hard-
ness. Interestingly, van Hove singularities (vHs) are observed
in the DOS below the Fermi level. If these clathrates can
be metallized to approach these singularities, high-Tc super-
conductivity may be induced since the enhanced DOS and
high-frequency phonon conditions could be satisfied simulta-
neously. Additionally, previous investigations have illustrated
that the σ -bonding bands exhibit a more pronounced reaction
to lattice vibration in contrast to the π bands, which in turn
exert a stronger impact on EPC [24,30–33], thereby also sat-
isfying the third criterion.

In addition to the application of pressure, carrier dop-
ing stands out as another widely adopted strategy for the
achievement of metallization. By doping holes, shifting
the Fermi level downward, the sp3-hybridization σ -bonding
bands undergo metallization, thereby successfully inducing
superconductivity in these carbon clathrates. Remarkably,
without triggering obvious structural phase transitions, the
strengths of EPC are determined to be 0.76 and 2.23 in hole-
doped C6 and C10 clathrates, respectively. The enhanced EPC
obtained in both clathrates can be attributed to the increased
DOS and the softening of phonons. By solving the anisotropic
Eliashberg equations [14], the strong EPC efficiently pairs
electrons into high-Tc superconducting states. This results
in maximum Tc of ∼43 K and ∼150 K for hole-doped C6

and C10, respectively. Moreover, through the analysis of me-
chanical properties, it is revealed that both clathrates exhibit
excellent hardness, indicating that hole-doped C6 and C10

clathrates possess both high-Tc superconductivity and ultra-
high hardness characteristics.

II. RESULTS AND DISCUSSION

A. Lattice structure, stability, and mechanical properties

The structural characteristics and stability of these carbon-
cage networks are examined firstly. Figure 1 illustrates the
optimized crystal structures of C6 and C10 clathrates. The car-
bon cages overlap and repeat in three crystal directions under
the periodic conditions, forming a spatial ordered structure.

FIG. 1. Crystal structures of C6 and C10 clathrates. (a, c) Three-
dimensional view; (b, d) view along the [100] direction.

Both carbon clathrates possess cubic symmetry with the space
group of Im3m (No. 229) for C6 and Fm3m (No. 225) for C10.
At ambient pressure, the optimized crystal lattice constants
of C6 and C10 clathrates are 4.38 and 6.69 Å, respectively.
In C6, consisting of six squares and eight hexagons, seen in
Figs. 1(a) and 1(b), the bond length between carbon atoms
is uniform at 1.55 Å. Conversely, the structure of the car-
bon cage in C10 exhibits slight differences, with six squares
and twelve hexagons. Notably, the bond lengths between the
carbon atoms in C10 clathrates vary. Specifically, the bond
length in the square [d1 in Fig. 1(d)] is 1.58 Å, whereas the
length of bonds shared by the hexagonal ring [d2 in Fig. 1(d)]
is 1.54 Å. The atomic distances in C6 and C10 clathrates
closely resemble the nearest-neighbor C-C distance of dia-
mond (1.54 Å) [34], graphene (1.42 Å) [35], and C-sodalite
structures (1.53 Å), all of which are renowned for their excep-
tional stability.

To explore the chemical bonding nature of these car-
bon clathrates, the electron localization function (ELF) [36],
which represents the normalized electron density and pro-
vides intuitive insight into the bonding characteristics between
atoms, is plotted and shown in Fig. S2 of the Supplemen-
tal Material (SM) [37] (which also contains Refs. [38–58]).
The results reveal that the localized function between carbon
atoms within both C6 and C10 clathrates surpasses 0.9, and the
larger value indicates stronger covalent binding [59], indicat-
ing that strong nonpolar covalent bonds are formed between
carbon atoms through sp3 hybridization. For more details,
the calculated crystal orbital Hamiltonian population (COHP)
[60] depicted in Fig. S3 [37] reveals fully occupied bonding
states situated below the Fermi level, evidencing the formation
of strong covalent C-C bonds within these carbon cages. The
integrated COHP values between C-C pairs are −8.98 eV per
bond in C6, whereas in C10, they stand at −8.23 and −9.79 eV
per bond, respectively, arising from the distinct bond lengths
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FIG. 2. Total energy of pristine (a, b) and hole-doped (c, d) C6 and C10 clathrates vs simulation time at 500–2000 K. The insets are structure
snapshots at 0 and 10 ps at the highest temperature of 2000 K.

between carbon atoms. Additionally, charge density differ-
ence is also conducted to aid the analysis. The accumulation
of charges on these C-C bonds further enhances the strength of
these covalent bonds, akin to those found in diamond, thereby
endowing these clathrates with structural stability even in the
absence of external pressure.

The absence of imaginary modes in the phonon dispersion
spectra confirms the lattice dynamic stability of C6 and C10, as
illustrated in Fig. S4 [37]. Moreover, ensuring thermodynamic
stability is paramount for the practical application of these
carbon-based clathrates. To better illustrate their thermal sta-
bility, the ab initio molecular dynamics (AIMD) simulations
are conducted over a total simulation period of 10 ps, ranging
from 500 to 2000 K. Figures 2(a) and 2(b) depict the fluctu-
ation of total energies within these pristine carbon clathrates,
in which no significant energy mutation is observed. Addi-
tionally, snapshots captured after 10 ps reveal that all atoms
vibrate around their equilibrium sites, maintaining the basic
structure even at 2000 K. For the hole-doped C6 and C10

clathrates, the AIMD simulation results shown in Fig. 2(c)
indicate that the energy of hole-doped C6 does not undergo
significant fluctuations at the high temperature of 2000 K. For
hole-doped C10 [Fig. 2(d)], the energy exhibits a significant
decrease at 2000 K after 2 ps, indicating that the hole-doped
C10 undergoes a structural phase transition at 2000 K, but
it still maintains well stability at 1500 K. Thus, the AIMD
results confirm the robust thermodynamic stability for C6 and
C10 clathrates, in both pristine and doped cases.

Mechanical properties play a critical role in determining
the practical applicability of materials. To gain a comprehen-
sive understanding of the mechanical characteristics of these
carbon clathrates, elastic constants (Ci j) are first examined,
with the results listed in Table I. Both C6 and C10 clathrates
exhibit three independent elastic constants, which are C11,
C12, and C44. Generally, a mechanically stable material with
cubic symmetry is expected to adhere to the Born criteria
[61]: C11 − C12 > 0,C11 + 2C12 > 0,C44 > 0. It is notewor-
thy that the elastic constants of both C6 and C10 clathrates
satisfy the Born criteria, ensuring the positive definiteness of
the elastic tensor and robust mechanical stability. Building
upon the elucidated elastic constants, we proceed to cal-
culate several polycrystalline elastic moduli, including bulk
modules (B), shear modulus (G), Young’s moduli (E ), Pois-
son’s ratio (ν), Pugh’s ratio (B/G), anisotropy index (AU ),
and Vickers hardness (Hv). A detailed discussion along with
the three-dimensional visualizations of Young’s modulus and
shear modulus is presented in Fig. S6 [37]. Notably, the value
of B surpasses that of G, indicating that B is the predomi-
nant parameter influencing the mechanical stability of both
clathrates. Furthermore, the Pugh crystal mechanics standard
[62] illustrates that materials with B/G < 1.75 or ν < 0.26
are typically classified as brittle ones [63]. For both carbon
clathrates, the values of B/G and ν satisfy this standard,
indicating their brittle nature.

Moreover, high bulk modulus (B >300 GPa) con-
tributes significantly to surface damage resistance. Naturally

104504-3



HAN, JIANG, WANG, ZHANG, AND LU PHYSICAL REVIEW B 110, 104504 (2024)

TABLE I. Calculated lattice parameters a (Å), bond length d (Å), elastic constants Ci j , bulk modulus B, shear modulus G, Young’s moduli
E , Poisson’s ratio ν, Pugh ratio B/G, anisopy index AU , and Vickers hardness Hv (GPa) of pristine C6 and C10 clathrates.

a d1 d2 C11 C12 C44 B G E ν B/G AU Hv

C6 4.38 1.55 — 807.32 101.06 302.48 336.48 321.82 732.06 0.14 1.05 0.03 52.54
C10 6.69 1.58 1.54 575.75 164.16 319.19 301.36 267.69 619.61 0.16 1.13 0.23 44.28

occurring minerals, renowned for their hardness, such as alu-
mina (Al2O3) and silicon carbide (SiC) [64], possess notably
high bulk moduli, indicating their resistance to compres-
sion (i.e., they are quite incompressible). Superhard materials
(Hv > 40 GPa) [65], such as c-BN and diamond [64],
exhibit even higher bulk modulus values (B > 400 GPa).
In the investigated C6 and C10 clathrates, the bulk modules
are found to be 336.48 and 301.36 GPa, respectively. How-
ever, it is worth noting that while all superhard materials are
ultra-incompressible, not all ultra-incompressible materials
are superhard. The hardness of the materials can be evaluated
by using Vickers hardness (Hv). Employing the empirical
model Hv = 2.0(k2G)0.585 − 3.0 [66], in which k = G/B, the
Vickers hardness of C6 and C10 clathrates is calculated to
be 52.54 and 44.28 GPa, respectively. These values surpass
those of traditional hard covalent materials such as WB4 (Hv

= 43 GPa) [67,68], B4C (Hv = 30 GPa) [64], SiC (Hv =
28 GPa), Al2O3 (Hv = 22 GPa), etc. Hence, the predicted C6

and C10 clathrates can be classified as superhard materials.

B. Electronic structure

Figure 3 illustrates the calculated orbital-resolved band
structure, electronic density of states (DOS) as well as
the orbital-projected DOS (PDOS) of pristine C6 and C10

FIG. 3. Orbital-resolved band structures, total and orbital-
resolved DOS of pristine C6 (a, b) and C10 (c, d) clathrates.

clathrates along the high-symmetry directions in the first
Brillouin zone (BZ). As evidenced by the results, both
pristine carbon clathrates exhibit inherent insulating prop-
erties, characterized by an indirect bandgap of 2.58 and
2.24 eV, respectively. It is worth emphasizing that the Perdew-
Burke-Ernzerhof (PBE) parameterized generalized gradient
approximation (GGA) [69,70] typically tends to underesti-
mate the bandgap, implying that the actual bandgap should
be greater. The fully occupied valence band below the
Fermi level is predominantly governed by the sp3-hybridized
σ -bonding bands. Interestingly, several saddle points are ob-
served around the high-symmetry point below the Fermi level,
particularly in C10. Furthermore, the band dispersion around
−3 eV along the high-symmetry K-�-L direction in the C10

clathrate exhibits small slope, giving rise to a vHs in the DOS.
In metallic systems, such localization of electronic states of-
ten augments metallic properties and can potentially induce
high-Tc superconductivity, since the Tc can be estimated by:
kBTc = 1.13h̄ωDe− 1

N (0)V , where N (0) represents the DOS at the
Fermi level. Evidently, the Tc can be promoted by the enlarged
N (0) [71].

One commonly employed method for regulating the po-
sition of Fermi level is carrier doping [72,73]. In the case of
these carbon clathrates, it is a best-case scenario for enhancing
superconductivity by doping so as to shift the Fermi level. In
this work, we utilize a jellium model to simulate the effects
of carrier doping by directly manipulating the total electron
count of the system. Under hole doping, the Fermi level shifts
downward with respect to the pristine systems. Based on the
premise of dynamic stability, the maximum doping concen-
tration that C6 and C10 clathrates can achieve is determined
to be 9.51 × 1021 and 1.76 × 1022 holes/cm3, respectively.
The corresponding band structures and Fermi surfaces (FSs)
are depicted in Fig. 4. In these hole-doped carbon systems, the
DOS around the EF is dominated by C-2p orbitals, contribut-
ing over 90% for both clathrates. The first-principles band
structures are accurately reproduced by interpolating the real-
space Hamiltonian generated by maximally localized Wannier
functions (MLWFs) [Figs. 7(a) and 7(e)] [27,74]. This attests
to the validity of subsequent MLWFs-based interpolation and
unequivocally confirms that the partially filled bands are sp3-
hybridized σ -bonding bands. The Fermi level intersects with
three partially occupied valence bands, generating three hole
pockets centered on H for C6 and on � for C10 clathrates,
respectively. The innermost pocket exhibits a lighter mass
while the outermost pocket displays a heavier mass, as illus-
trated in Figs. 4(e)–4(j). Noteworthy FS nesting within the
first BZ is observed, particularly in C10 clathrate, character-
ized by three mutually contained FSs. The nesting function
will be shown later. These features may boost the likelihood
of formation of Cooper pairs around the Fermi surface and
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FIG. 4. Orbital-resolved band structure, total and orbital-
resolved DOS of hole-doped C6 (a, b) and C10 (c, d) clathrates.
Corresponding FSs of hole-doped C6 (e–g) and C10 (h–j) clathrates.

enhance the EPC, thereby fostering the emergence of high-Tc

superconductivity [75–77]. Remarkably, for C10 clathrate, in
the �-L direction around the Fermi level, a flat band intersects
with two parabolic bands, leading to two tilted Dirac cones
and giant DOS [N (0)], which are shown in Figs. 4(c) and
4(d). Further elevation of hole-doping levels will result in the
partial occupation of such bands, which may closely correlate
with lattice instability at higher doping concentrations of C10

clathrate.

C. Electron-phonon coupling and superconductivity

With the successful room-pressure metallization of C6 and
C10 clathrates achieved through hole doping, we turn atten-
tion to investigating their potential superconductivity within
the framework of a phonon-mediated mechanism. Figure 5
exhibits the lattice dynamics of hole-doped C6 and C10, with
stabilities confirmed by the absence of imaginary modes
in phonon spectra. In doped C6 [Fig. 5(a)], dispersionless
phonon modes observed in the middle and high-frequency

FIG. 5. Phonon spectra with color representation of λqν at the
given vectors for hole-doped C6 (a) and C10 (b) clathrates.

regions give rise to multiple peaks in the phonon density of
states (PhDOS) [Fig. 6(a)]. While optical modes around the
H point display abnormal hardening, the majority of phonon
modes exhibit significant softening. Compare with the pristine
case, which can be seen in Figs. S4(a) and S4(b) in SM
[37]. Notably, the frequency of triple degenerate T2g modes
decreases from about 128.4 meV to 111.4 meV, showcas-
ing a strong coupling with σ electrons. Similarly, double
degenerate softened Eg modes at the highest frequency also
exhibit substantial coupling strength, whereas acoustic modes
below 60 meV remain relatively unaffected. As for doped
C10 [Fig. 5(b)], the overall hardening of the highest optical
mode creates a 5.5 meV frequency gap around 173 meV,
with a larger gap appearing around 130 meV, exhibiting a gap
value about 11.5 meV. The prominent peak in the PhDOS is
observed just above the larger gap, owing to dispersionless
phonon modes. The primary softened phonon modes are also
distinctly identified. Strong EPC between σ electrons and the
vibration modes of carbon atoms in the medium and high
frequency is evident in both hole-doped C6 and C10. It is
worth mentioning that this feature exhibits similarities with
the behavior observed in compressed LaH10 [78], in which
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FIG. 6. Phonon DOS F(ω), Eliashberg spectral function α2F (ω),
and accumulated EPC constant λ(ω) for hole-doped C6 (a) and C10

(b) clathrate. For clarity, the graduation of F(ω) is omitted.

optical phonon modes of H atoms contribute over 80% of the
total EPC.

Through MLWFs-based interpolation, the accurate
isotropic Eliashberg spectral function α2F (ω) for doped
C6 and C10 clathrates are obtained, as depicted in Fig. 6.
In the case of C6 clathrate [Fig. 6(a)], α2F (ω) reveals three
main peaks, with the highest peak centered around 113 meV,
arising from strongly coupled T2g modes. The tiny proportion

of α2F (ω) below 60 meV indicates that acoustic phonons
have weak couplings with electrons, self-consistent with
Fig. 5(a), in which the strong-coupled phonons mainly
locate above 110 meV. By integrating α2F (ω), we find
that the EPC constant λ and logarithmic average frequency
ωlog are equal to 0.76 and 946.18 K, respectively. Utilizing
the modified McMillian-Allen-Dynes formula [15] with a
typical Coulomb potential μ∗ of 0.1 [14,79,80], the Tc of
doped C6 is computed to be T MAD

c ∼39 K, just reaching the
McMillan limit. Since the superconducting energy gap 	nk
of these carbon-cage-network has never been specifically
investigated, we therefore apply the fully isotropic and
anisotropic Migdal-Eliashberg equations to investigate the
superconducting energy gap. Figures 7(c) and 7(d) are
the distribution of the anisotropical EPC strength λk and
the normalized density of the superconducting gap 	nk
at each temperature of hole-doped C6. These distributions
suggest a single superconducting energy gap nature since
the superconducting density of states (SDOS), relative to the
DOS in the normal state Ns(ω)/NN (ω), has only one peak at
∼6.9 meV. These results are reasonable because C6 consists
of a single element and there is only σ orbital around the
Fermi level, precluding the formation of multiple energy
gaps. This characteristic distinguishes it from the well-known
multigap MgB2 [14,81–83], in which the σ and π orbitals lead
to separate superconducting gaps. The temperature at which
	nk closes corresponds to the superconducting transition
temperature, which is determined to be T Aniso

c ∼43 K,
surpassing that of MgB2 and the above-mentioned alkali metal
doped C60. Additionally, the transition temperature obtained

FIG. 7. Band structures of hole-doped C6 (a) and C10 (e) clathrates; the red and blue lines denote the bands obtained by the first-principles
calculation and interpolated by the real-space Hamiltonian, respectively. The Fermi level is set to zero. (b, f) FS nesting function ξ (q). (c,
g) The normalized distribution of the EPC strength λk, revealing their strong anisotropy. (d, h) Energy distribution of the isotropic (red) and
anisotropic (blue) superconducting gap 	nk as a function of temperature. The insets are the SDOS under a low temperature of 10 K for
hole-doped C6 and C10 clathrates. The orange line signifies the temperature threshold at which energy gaps close, whereas the gray dashed
lines are guides to the eye.
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TABLE II. Calculated superconducting properties of hole-doped C6 and C10 clathrate, including data of doping concentration n
(holes/cm3), N (EF ) (states/spin/Ry/unit cell), logarithmically averaged phonon frequency ωlog (K), total EPC constant λ, Sommerfeld
constant γ ( mJ

mol·K2 ), specific heat jump 	C(Tc ) ( mJ
mol·K2 ), critical magnetic field Hc(0) (T ), isotope coefficient β, 2	(0)

kBTc
, superconducting

Tcs determined by simultaneously solving the semiempirical McMillian-Allen-Dynes formula (T MAD
c,0.1 ), isotropic (T Iso

c,0.1), and anisotropic
Migdal-Eliashberg equations (T Aniso

c,0.1 ) when setting the Coulomb pseudopotential μ∗ to a typical value of 0.1.

n N (EF ) λ ωlog γ 	C(Tc ) Hc(0) β 2	(0)
kBTc

T MAD
c,0.1 T Iso

c,0.1 T Aniso
c,0.1

C6 9.51 × 1021 4.75 0.76 940.89 0.12 0.21 0.34 0.46 3.72 39.20 39.97 43.05
C10 1.76 × 1022 17.95 2.23 593.43 0.51 1.51 2.36 0.49 5.13 117.77 131.78 149.69

by solving the isotropic Migdal-Eliashberg equations is
estimated to be T Iso

c ∼40 K (red line). This is together
with the result from the McMillian-Allen-Dynes formula,
exhibiting varying degrees of underestimation of Tc, attributed
to the strong anisotropy revealed by the electronic structure
and normalized distribution of the EPC strength λnk.

For hole-doped C10 clathrate, compared with the pristine
case, a greater number of phonon modes located at the middle
frequency around the � point undergo significant softening,
as presented in Figs. S4(c) and S4(d). By integrating α2F (ω),
we find that the EPC constant λ and logarithmic average
frequency ωlog are equal to 2.23 and 592.02 K, respectively.
Given that the total EPC constant λ is larger than 1.50, the
full Allen-Dynes formula [84] is deemed more appropriate for
evaluating its transition temperature. The calculated strong-
coupling correction factor and the shape correction factor are
f1 = 1.15 and f2 = 1.12, respectively. Consequently, with
a typical Coulomb potential μ∗ of 0.1, the Tc of hole-doped
C10 is determined to be T MAD

c ∼ 118 K. Similar to hole-
doped C6, by solving the fully anisotropic Migdal-Eliashberg
equations, as depicted in Figs. 7(g) and 7(h), it can be found
that hole-doped C10 clathrate also exhibits characteristics of
a single-gap superconductor, with the maximum normalized
density of the superconducting gap 	nk ∼ 28.26 meV. Such
a big gap contributes to a high superconducting transition
temperature, which is determined to be T Aniso

c ∼ 150 K, about
27% and 14% higher than that of the Allen-Dynes (T MAD

c ∼
118 K) and isotropic results (T Iso

c ∼ 132 K, red line), respec-
tively. Furthermore, upon comparison with the highest Tc of
116 K observed in carbon cages doped with alkali or alkaline
earth metals as reported by previous researchers [85,86], we
discern that valence band metallization is more conducive to
superconductivity than conduction band metallization.

Additionally, to better elucidate the origin of the obtained
high Tc, we conducted further calculations of the FS nesting
function ξ (q) in the first BZ along the high-symmetry path
[87–89], with the results depicted in Figs. 7(b) and 7(f). The
nesting function ξ (q) can be directly evaluated by calculating
the imaginary part of the bare electronic susceptibility. ξ (q)
is defined as

∑
nmk δ(εn

k − εF )δ(εm
k+q − εF ), in which n and

m are the indices of energy bands, εn
k and εm

k+q represent
the eigenvalues of the electronic states with respect to the
Fermi energy, and εF is the Fermi energy. For clarity, ξ (q)
is normalized by ξ (�), because � point always possesses
the strongest nesting. Since the entire FS nests into itself,
there is no actual physical meaning for ξ (�). The results in-
dicate that the nesting throughout the entire BZ of hole-doped
C10 clathrate is significantly broader and stronger compared
with that of C6. Moreover, those positions of optical phonons

exhibiting large λqν in Fig. 5 align closely with the peaks of
the nesting function, especially in C10 clathrate. Therefore, we
consider that the enhancement of the nesting effect induced by
doping accounts for the origin of the softened phonons with
large λqν .

Apart from the opening of energy gaps on the FS when
the materials transition into a superconducting state, sev-
eral key phenomena are commonly employed to characterize
the fundamental properties of conventional superconductors,
both theoretically and experimentally. These include the spe-
cific heat jump at Tc [79,83,90], Meissner effect [79], and
isotope effect. The above phenomena can be elucidated by
calculating the specific heat jump coefficient 	C(Tc), criti-
cal magnetic field Hc(0), and isotope coefficient β, with the
results presented in Table II. It is noteworthy that the ob-
tained 2	(0)/kBTc and isotope coefficient β of hole-doped C6

clathrate are 3.72 and 0.46, respectively, while for C10 they
are 5.13 and 0.49, which are close to the values given by
conventional BCS theory (2	(0)/kBTc ∼ 3.53, β ∼ 0.50),
further confirming that both hole-doped C6 and C10 clathrates
are conventional phonon-mediated superconductors. More-
over, the calculated superconducting parameters can serve as
reference data for potential experimental verification in the
future.

D. Discussion

Before concluding, we would like to discuss the potential
experimental synthesis of C6 and C10 clathrates. We have sys-
tematically examined the formation enthalpies of these carbon
clathrates at ambient conditions as well as under pressure.
The enthalpy differences curves relative to several experi-
mentally synthesizable structures at pressures are exhibited in
Fig. S5 [37]. Although C6 and C10 phases invariably possess
higher enthalpies than diamond and elemental carbon phases,
indicating their metastable nature, their enthalpies are lower
than those of the T-carbon [91] and graphite under ambient
pressure, which provides the possibility for the experimental
synthesis of these carbon clathrates.

To achieve the highest Tc of these carbon clathrates, the
introduction of hole doping is essential. Boron has one less
electron than carbon, and due to its small atomic radius, boron
is relatively easily incorporated into diamond. As boron acts
as a charge acceptor, the resulting diamond is effectively hole-
doped [92–95]. To further elucidate the realization of hole
doping in C6 and C10 clathrates, we perform the B doping on
these two carbon clathrates to simulate the hole-doping effect.
We find that for C6 and C10, when the B-doping concentra-
tion falls within the ranges of 4.2%–6.3% and 15.0%–16.2%,
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respectively, the achieved DOS around the Fermi level is al-
most similar as the direct hole-doping cases (Fig. S7) [37].
From the calculated DOS it can be observed that the shift
of the Fermi energy increases with the B concentration, and
the introduction of B does not induce evident midgap states,
but leads to an almost rigid shift of the Fermi energy into
the valence band, indicating effective p-type doping. Addi-
tionally, the adopted concentration of B is similar to that of
the B-doped diamond [93–95] (∼5% B concentration) and
lower than that of amorphous quenched carbon (∼17% B
concentration) fabricated in experiments [96], indicating these
concentrations are relatively moderate and achievable. De-
tailed results can be found in SM [37].

III. CONCLUSION

In summery, through the substitution of elements in exper-
imentally synthesized materials, we have devised two pure
carbon-cage-network structures, C6 and C10, and systemati-
cally elucidated their lattice dynamics, mechanical properties,
electronic structure, and EPC properties via first-principles
calculations. The results reveal that both pristine C6 and
C10 manifest insulating behavior while concurrently exhibit-
ing ultra-high hardness. By shifting the Fermi level through
hole doping, we have successfully obtained the metallized

sp3-hybridized σ -bonding bands in both structures. The EPC
strength λ has been accurately determined to be 0.76 and
2.23, respectively. We find that the strong coupling be-
tween σ electrons and softened phonon modes facilitates the
formation of high-Tc states. By taking the anisotropy of elec-
tronic properties into consideration, solving the anisotropic
Migdal-Eliashberg equations, the superconducting transition
temperatures are determined to be approximately 43 K
and 150 K for hole-doped C6 and C10 clathrates, respec-
tively. Thus, these two compounds are ambient pressure
phonon-mediated high-Tc superconductors. This study em-
phasizes the potential of carbon-cage-network materials as a
promising avenue for exploring substances that exhibit both
high-temperature superconductivity and ultra-high hardness
simultaneously.
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