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1.  Introduction

As a common element, carbon is widely distributed in the 
atmosphere, lithosphere and organism. In a special position 
of element periodic table, carbon has four outermost electrons 
2s22p 2 outside the nucleus; thus can forms various chemical 
bonds including sp, sp2 and sp3 hybrid modes. Because of 
such particular feature, a lot of carbon allotropes with dif-
ferent dimensions (e.g. 0D fullerene [1], 1D nanotube [2], 2D 
graphene [3] and 3D diamond) [4] have been experimentally 
identified. Carbon has become a typical system to demonstrate 
the fact that different bonding modes lead to diverse atomic 

structures, and then result in versatile properties. Taking 3D 
carbon allotropes as examples, the layered graphite with sp2-
hybrid mode exhibits metallicity due to freely moving elec-
trons [5] the graphene networks, such as MTC [6] (all-sp2) and 
IGN [7] hold topological semimetallicity; the Bct C8 regarded 
as the compressure of carbon nanotubes with sp3 hybridiza-
tion is a semiconductor [8]; the I-43d carbon structure with 
sp3 hybridization in tetrahedral networks is confirmed as the 
carbon allotrope with the largest band gap [9]. Additionally, 
many 3D carbon allotropes constructed by sp3-bonded atoms 
have been proved to be superhard materials because of large 
C-C binding energy, such as C20-T [10], S-carbon [11],  
H-carbon [11], M585 [12], Z-ACA [13], C21-sc [14], clathrate-
like 215-10-III-4-001 [15], M carbon [16], W carbon [17],  
Cco-C8 [18], and so on. In this context, more and more efforts 
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hardness of 48.71 GPa. The obtained Yang’s modulus and ideal strength show that T-C56 
is mechanically anisotropic. In particular, our analysis of electronic and optical properties 
suggest that T-C56 is a transparent indirect semiconductor with a wide bandgap of  
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have been devoted to propose or synthesize new carbon mate-
rials [9–34], which are expected to be the foundation of the 
future carbon-based electronics [35–37].

Under extreme physic conditions, the superhard materials 
are essential for industrial applications (e.g. cutting tools, spe-
cial wear-resistant parts, aerospace and cosmic devices) due 
to their incompressibility and wear-resistance. On the basis 
of mass density ρ, the reported superhard carbon allotropes 
can be classified into two categories: high and low density 
superhard materials, whose ρ  >  3 g cm−3 and  ⩽3 g cm−3, 
respectively. Generally, the high density superhard carbon 
allotropes can be obtained by high-pressure processing 
[16–21]. For instance, when graphite is cold-compressed 
above 13.4 GPa, a more stable carbon allotrope, M-carbon  
(ρ  = 3.34 g cm−3 and Hv  =  83.1 GPa) [16], has been iden-
tified by ab initio calculations; under a constant pressure 
of 15 GPa, the Cmmm symmetric Z-carbon [19] was found 
by the minima hopping search method, whose density and 
Vickers hardness are 3.40 g cm−3 and 95.4 GPa, respectively; 
by compression of a (10, 10) carbon nanotube lattice to 
20 GPa, a intriguing polymorph, bct-C4 [20], was character-
ized as a superhard material with Vickers hardness of 88 GPa, 
whose mass density is 3.31 g cm−3. Interestingly, some low-
density carbon phases [38–40] have also been confirmed as 
superhard materials due to the strong sp3 C–C bonds, such as  
Hex-C18 (ρ  = 2.41 g cm−3 and Hv  =  42.2 GPa) [38] and Hex-
C24 (ρ  = 2.75 g cm−3 and Hv  =  44.54 GPa) [39]. However, 
compared with the high-density superhard allotropes, the 
light weight low-density superhard phases are quite rare. As 
a matter of fact, the light superhard materials are quite nec-
essary for the aerospace applications. Hence, it is very sig-
nificant to find or design a new low-density superhard carbon 
allotrope, which may further extend the range of properties 
and applications of carbon-based materials.

Since the discovery of C60 fullerene [41], the carbon cages 
constructed solids have attracted numerous attentions from 
researchers in both experiment and theory fields [42–51]. In 
experiment, the C70 cage polymerized solid [48] has been 
synthesized under 2 gigapascals hydrostatic pressure; the 
C36-cage assembled crystal has been produced through the 
arc-discharge method [49]. In theory, using first-principles 
calculation the C96 carbon [50] has been identified as a hollow 
nanotube network built from the C24 and C18 cages; the C60 
clathrate [51] constructed by small C24 and flat C18 cages 
was proposed as a superhard superstrong open framework. 
Inspired by these works, we identified a distinct low-density 
superhard carbon allotrope by taking the stable cage isomer of 
C16 cluster [52] composed of two C4 rings and eight C5 rings 
as the building blocks. From the first-principles calculations, 
we confirmed that this new phase is tetragonal symmetry 
(I4/mmm) with 56 atoms in each unit cell, named T-C56. Based 
on the calculations of elastic constants, the obtained Vickers 
hardness of T-C56 is 48.71 GPa, larger than the hardness cri-
terion (40 GPa) of superhard materials [53], implying that 
T-C56 is a typical superhard material. Our HSE06 calculations 
of electronic band structure and density-of-states show that 
T-C56 is a optical transparent semiconductor with an indirect 

bandgap about 3.18 eV. The stabilities of T-C56 have been sys-
tematically investigated by examining the total energy, elastic 
constants, phonon spectrum, and the first-principles molecular 
simulation.

2.  Computational details

Our first-principles calculations were carried out using the 
Vienna ab initio simulation program package (VASP) [54]. 
The exchange-correlation effects were described by the 
Perdew–Burke–Ernzerhof (PBE) function of generalized 
gradient approximation [55]. During the structural optim
izations, the convergence criterions of atomic forces and total 
energy were set as 10−2 eV Å−1 and 10−6 eV, respectively. 
The tested cutoff energy of 520 eV was adopted for the plane-
wave expansion of valence electrons so as to ensure that the 
total energies converge to 0.001 eV per atom. Brillouin zone 
integration was performed for k-point meshes generated by 
the Gamma scheme with a grid density of 2π  ×  0.03 Å−1. 
The elastic constants were calculated from the evaluation of 
stress tensor generated small strain; the bulk modulus, shear 
modulus and Young’s modulus were derived from the Voigt–
Reuss–Hill approximation [56]. Meanwhile the Vickers hard-
ness of T-C56 was estimated by the Chen et  al model [57]. 
Phonon mode calculation was performed using PHONOPY 
package [58] with the forces calculated from VASP.

3.  Results and discussion

3.1.  Structural properties

In the C16 cage cluster (C4v point group), there are two oppo-
site C4 rings with a rotational angle of 45°, both of which 
connect four C5 rings [52]. On the basis of these structural 
features, we consider three types of cluster-cluster links, i.e. 
coplane (CP), square (S) and line (L) links, as illustrated in 
figure 1(a). If every C16 cage is connected by nine C16 clusters 
(i.e. four S-linked, four L-linked and one CP-linked clusters, 
see figure 1(b)), a 3D solid structure can be obtained through 
periodic translations of the central cage. During this built pro-
cessing, two additional kinds of carbon cages (C20 [445464] 
and C40 [4258612]) can be formed, as displayed in figure 1(c). 
Notably, the C4v symmetric geometry of C16 cage is well pre-
served in the optimized solid structure (see figure 1(d)). Its unit 
cell exhibits tetragonal symmetry and has 56 carbon atoms. 
Hence, we call it as T-C56. Four inequivalent atoms occupying 
the Wyckoff position 8j  (0.5, 0.2947, 0.0), 16n (0.5, 0.1593, 
0.1043), 16m (0.7208, 0.2792, 0.1635) and 16m (0.8692, 
0.1308, 0.2328) can be found in every unit cell. The related 
structure parameters of T-C56 and some considered allotropes 
are listed in table 1. For T-C56, the optimized lattice constants 
of a and c are 5.60 Å and 13.07 Å, respectively. Owing to the 
existence of hollow cages, especial the C40 [4258612] cages, 
the mass density of T-C56 (2.72 g cm−3) is smaller than that 
of diamond (3.50 g cm−3). Therefore, T-C56 is a typical low-
density carbon allotrope according to the mentioned criterion 
of 3 g cm−3.
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3.2.  Stabilities

Is the porous low-density T-C56 phase stable? To examine the 
energy stability of T-C56, we computed the total energy per 
atom as a function of the volume. For comparison, six related 
carbon allotropes including diamond, Hex-C24, C64, C20-T, 
and the synthesized T-carbon and C20-sc have also been con-
sidered, as shown in figure  2(a). Generally, the phase with 
lower equilibrium energy should be more stable. By fitting the 
third-order Birch–Murnaghan equations of state [61]:

Et(V) = E0 +
9
16

B0V0

[
(B′ − 4)

Å
V0

V

ã 2
3

− B′ + 6

][Å
V0

V

ã 2
3

− 1

]2

,

� (1)
we confirmed that the energetic ordering of these con-
sidered phases is Ediamond  <  EHex-C24  <  EC64  <  ET-C56  <   
EC20-T  <  EC20-sc  <  ET-carbon. Although the equilibrium total 
energy of T-C56 (−8.56 eV/atom) is higher than that of dia-
mond (−9.09 eV/atom), Hex-C24 (−8.96 eV/atom) and C64 
(−8.81 eV/atom), it is energetically more favorable than the 
experimentally synthesized C20-sc [14] and T-carbon [22]. 
This can be understood by the fact that the average bond 
angle (108.88°) of T-C56 is closer to the perfect bond angle 

(109.47°) of tetrahedral coordinate sp3 hybridization than that 
of T-carbon (102.37°) and sp2–sp3 hybridezed carbon allo-
trope C20-sc (114.52°). Additionally, to confirm the stability 
of T-C56 with respect to the synthesized phases (e.g. diamond, 
C20-sc and T-carbon) in different ranges of pressures, we 
further derived their enthalpies H(P) at 0–100 GPa from the 
Birch–Murnaghan fitted EOS plots in figure 2(a) by:

H = Et + PV ,� (2)

where the pressure P and volume V obey the following 
equation:
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At a given pressure, a more stable phase usually has a lower 
enthalpy. As displayed in figure 2(b), one can find that T-C56 
is more stable than the synthesized C20-sc and T-carbon in the 
whole considered pressures of 0–100 GPa.

To check the dynamic stability of T-C56, we computed 
the phonon spectrum of T-C56 in the entire Brillouin zone. 
As illustrated in figure  2(c), no imaginary frequencies can 

Figure 1.  (a) Three kinds of links between C16 clusters. (b) Coordination of every C16 cage in the T-C56. (c) The illustration of T-C56 crystal 
structure with three types of colorized cage-like polyhedrons, i.e. C16 [4258], C20 [445464] and C40 [4258612]. (d) The unit cell of T-C56 phase 
with four kinds of inequivalent carbon atoms C1, C2, C3 and C4.

Table 1.  The calculated space group (SG), lattice constant (a, c), total energy (Etot), equilibrium density (ρ), energy gap (Eg),volume (V) for 
diamond, Hex-C24, C64, C20-T, C20-sc, T-carbon, and T-C56.

Structure SG a,c V ρ Etol Eg

Diamond Our Fd-3m 3.57 5.70 3.50 −9.09 4.02
Exp [59] 3.57 5.67 3.51
Exp [60] 5.67 5.47

Hex-C24 Our P63/mcm 6.90, 4.22 7.25 2.75 −8.96 —
Bu et al [39] 6.83, 4.17 2.84 −8.07 —

C64 Our I41/amd 7.18, 9.67 7.79 2.56 −8.81 1.30
Wei et al [40] 7.18, 9.66 7.79 2.56

C20-T Our P213 4.95 6.06 3.29 −8.50 4.13
Wang et al [10] 4.95 3.30 −8.50

C20-sc Our Pm-3m 5.22 7.10 2.81 −8.47 —
He et al [14] 5.16 2.89 −8.32 —

T-carbon Our Fd-3m 7.52 13.27 1.50 −7.92 2.17
Exp [25] 7.52 1.50 −7.463 2.25

T-C56 PBE I4/mmm 5.60, 13.07 7.33 2.72 −8.56 2.26
HSE06 3.18

J. Phys.: Condens. Matter 32 (2020) 165701
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be seen, demonstrating that T-C56 is dynamically stable at 
T  =  0 K. However, this can not ensure that the T-C56 phase 
will not be destroyed at elevated temperatures, especially 
when its structure corresponds to a shallow minimum on the 
potential energy surface. Therefore, it is necessary to further 
explore the thermal stability of the dynamically stable T-C56. 
By building a 2  ×  2  ×  1 supercell with 112 atoms, we per-
formed the first-principles molecular dynamics (FPMD) 
simulations at 1000 K, 1500 K and 1800 K with Nose-Hoover 
thermostat. During the 10 ps simulation times, the potential 
energies of T-C56 almost keep a constant with small variations 
coursed by the thermal fluctuations at all of the considered 
temperatures. Figure 2(d) presents the potential energy fluctu-
ation as a function of simulation times at 1800 K. The constant 
potential energies indicate that there is no geometry recon-
struction in T-C56 at the 1800 K. Therefore, we can conclude 
that our proposed T-C56 can withstand temperatures as high as 
1800 K. Namely, the structure of T-C56 is separated by high-
energy barriers from other local minima on the corresponding 
potential energy surface.

Moreover, one may also wonder whether the T-C56 is 
mechanically stable. For a stable tetragonal crystal phase, the 
six independent elastic constants (i.e. C11, C33, C44, C66, C12 
and C13) should simultaneously obey the Born mechanical 
stability criteria [65]: C11  >  0, C33  >  0, C44  >  0, C66  >  0, 
(C11  −  C12)  >  0, (C11  +  C33  −  2C13)  >  0 and [2(C11  +  C12)  
+  C33  +  4C13]  >  0. Using strain-stress relationship [66], the 
C11, C33, C44, C66, C12 and C13 of T-C56 are calculated to be 
520, 784, 296, 244 and 109 GPa (see table  2), respectively. 
Obviously, they meet all the mentioned criteria, indicating 
that T-C56 is mechanically stable.

3.3.  Electronic and optical properties

The electronic band structure of T-C56 along the high-sym-
metry k-points is shown in figure  3(a). The valence band 
maximum locates at the special point X, while the conduc-
tion band minimum appears at Z. In this regard, T-C56 is a 
typical indirect semiconductor. However, the estimated indi-
rect bandgap (2.26 eV) is very close to the direct bandgap at 

Figure 2.  (a) The total energy as a function of volume per atom for T-C56 clathrate, together with diamond, Hex-C24, C64, C20-T, C20-sc 
and T-carbon. (b) The enthalpies H per atom as a function of pressure for the considered carbon allotropes (diamond, C20-sc and T-carbon) 
with respect to T-C56. (c) Phonon band structure and (d) potential energy fluctuation during 10 000 fs FPMD simulations for T-C56. The 
inset is the snapshot of the supercell of T-C56 at the end of simulation.
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X point (2.33 eV), thus T-C56 should be a quasi-direct semi-
conductor, like the reported C64 [40]. As is well known, the 
bandgap of semiconductor will be significantly underesti-
mated by the PBE method. Herein, we adopted the state-of-
the-art hybrid functional (HSE06) [67] to recalculate the band 
structure of T-C56. As presented in figure 3(a), the bands from 
HSE06 are similar to that of PBE, but the position of conduc-
tion bands is significantly up-shifted and that of valence bands 
is down-shifted. This results in a larger indirect bandgap 
(3.18 eV) and direct bandgap (3.29 eV), which should be more 
accurate and consistent with the future experimental value. To 
obtain a deeper understanding for the electronic properties of 
T-C56, we calculated the projected density of states on the four 
inequivalent carbon atoms (figure 3(b)) and different atomic 
orbitals (figure 3(c)). From the figures, we can clearly see that 
the valence band edge states are dominated by C1 atoms and 
p x  +  p y  orbitals, while the conduction band edge states mainly 
come from C4 atoms and s  +  p z orbitals. Owing to the wide 
bandgap which is larger than the energies of the visible light, 
the proposed T-C56 should be an optical transparent material. 
To confirm this fact, we further calculate the imaginary part 
of the dielectric function of T-C56 from both PBE and HSE06 
methods (see figure 3(d)). The optical adsorption starts at the 
direct gap transition energy 3.29 eV (HSE06), indicating that 
the direct gap transition in T-C56 is dipole allowed. The peak 
of the optical adsorption locates at the deep ultraviolet region 
(9.96 eV). Obviously, there is no adsorption in the visible 
region (1.61 eV–3.10 eV) at all. So T-C56 is an optical trans-
parent material.

3.4.  Mechanical properties

As discussed above, T-C56 is a low-density porous carbon 
allotrope. Naturally, one may ask whether it can preserve its 
intrinsic configuration under extremely mechanical condi-
tion? To assess the mechanical resistance to external forces in 
different ways, we firstly calculated the bulk modulus (B, the 
average of Bv and BR) and shear modulus (G, the average of 
GV and GR) of T-C56 by the Voigt–Reuss–Hill approximation 
[56]. On the basis of the obtained elastic constants, the Bv, 
BR, GV and GR are respectively obtained by the following 
equations:

BV =
1
9
[2(C11 + C22) + C33 + 4C13],� (4)

BR =
(C11 + C12)C33 − 2C2

13

C11 + C12 + 2C33 − 4C13
,� (5)

GV =
1

15
(C33 − 2C13 + 2C11 − C12 + 6C44 + 3C66),� (6)

and

GR = 15
ß

18BV

(C11 + C12)C33 − 2C2
13

+ [6(C11 − C12)] +
6

C44
+

3
C66

™
.

� (7)
The obtained results are listed in table 2. Overall, bulk mod-
ulus and shear modulus of T-C56 are smaller than the corre
sponding value of diamond, but larger than that of synthesized 
T-carbon [22]. Specifically, the bulk modulus of T-C56 is 
267 GPa, 59% of that of diamond. However, it is greatly larger 

Table 2.  Calculated elastic constants (Cij, GPa), bulk modulus (B, GPa), shear modulus (G, GPa), Yang’s modulus (Y, GPa), B/G, Poisson’s 
ratio (ν) and Vickers hardness (Hv, GPa) of T-C56, along with that of diamond, Hex-C24, C64, C20-T, C20-sc and T-carbon at zero pressure. 
For comparison, the reported data are also presented.

Structure C11 C33 C44 C66 C12 C13 B G B/G ν Hv

Diamond 1074 571 139 451 527 0.86 0.08 90.95
a 1106 607 141 462 545 0.08
b 1076 577 125 442 91.76

Hex-C24 595 1069 331 183 193 365 279 1.31 0.20 36.26
c 609 1102 325 189 83 44.54

C64 578 684 245 106 42 117 328 316 1.04 0.14
d 598 677 254 107 43 108 33.92

C20-T 956 375 98 384 396 0.97 0.12 65.52
e 994 412 95 395 427 0.93 0.11 72.76

C20-sc 512 240 241 331 191 1.74 0.26 19.64
f 577 244 276 370 196 91.44

T-carbon 190 67 140 156 45 3.47 0.36 1.33
g 169 70 5.6

T-C56 519 784 296 244 109 99 267 265 1.01 0.13 48.77

a Fan et al [62].
b Exp [63].
c Bu et al [39].
d Wei et al [40].
e Wang et al [10].
f He et al [14].
g Chen et al [64].
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(1.71 times) than that of T-carbon. Moreover, the B/G ratio is 
used to characterize the brittle or ductile behavior of a mat
erial. High (low) B/G ratio is often corresponding to ductility 
(brittleness) with the critical value of 1.75 proposed by Paugh 
[68]. For T-C56, the calculated B/G ratio is 1.01, which is lower 
than the critical value, suggesting that its structure is brittle. 
Since it is smaller than that of T-carbon (3.47), it is more duc-
tile with respect to T-carbon. Moreover, the brittleness/duc-
tility of a material can also be examined by the Frantsevich 
rule adopting the Poisson’s ratio [69]. Usually, a high (low) 
Poisson’s ratio is associated with ductility (brittleness) with 
the critical ratio of 1/3. The Poisson’s ratio of T-C56 is calcu-
lated to be 0.13, smaller than that (0.36) of T-carbon, implying 
that it is brittle. This is consistent well with the result from the 
B/G ratio.

To examine the mechanical anisotropy of T-C56, we further 
calculated the direction-dependent Young’s modulus by the 
following equation [70]:

Y =
1

S11(l41 + l41) + S33l43 + (S44 + 2S13)(l21 + l22)l
2
3 + (S66 + 2S12)(l1 × l2)

2 ,

� (8)
where Sij is the inverse of elastic constant matrix Cij, 
l1  =  sinθcosϕ, l2  =  sinθsinϕ, l3  =  cosθ refer to the direc-
tional parameters to three principal axes. Figure 4(a) plots 
the surface contours of Young’s moduli of T-C56 in different 
directions. From the whole 3D shape and the color bar, one 
can see that the Young’s moduli of T-C56 exhibit anisotropy 
with a sizable ratio of 1.54 between the maximum value 
(753 GPa) and maximum value (489 GPa). Specifically, the 
Young’s modulus along x axis is equal to that in y  axis due 
to the tetragonal symmetry, which holds the minimum (see 
figure 4(b)). Along the [1 1 0] direction, the Young’s modulus 
reaches its maximal value of 540 GPa. In the (1 0 0) plane 
(figure 4(c)), one can find that the maximum of Young’s 
modulus is in the [0 0 1] direction, while the minimum is in 
the [1 0 0] orientation.

Figure 3.  (a) The electronic band structures of T-C56 calculated in PBE (see the blue lines) and HSE06 (see the red lines) theory levels.  
The corresponding projected density of states (b) on the four inequivalent carbon atoms and (c) on the different atomic orbitals of T-C56.  
(d) Imaginary part of dielectric function as a function of energy for T-C56 computed from the PBE and HSE06 methods.
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To provide another perspective for the mechanical aniso
tropy, we computed the tensile strength along some typically 
crystal directions, including the three principles axes [1 0 0], 
[0 1 0] and [0 0 1]. The mechanical stresses as a function of 
the applied external strain are presented in figure 4(d). From 
this figure, we can also conclude that T-C56 is mechanically 
anisotropic. In details, one can find two specific conclusions: 
(i) owing to the tetragonal symmetry, the ideal strengths 
(101 GPa) in [1 0 0] and [0 1 0] axes are equal, which is larger 
than the ideal tensile strength of 71.1 GPa along [1 1 0] for 
C20-T [10]; (ii) in the [0 0 1] axis, the ideal strength possesses 
a larger value (131 GPa). These results are consisting with our 
analysis of Young’s modulus.

To further characterize the mechanical strength of T-C56, 
we calculated its Vickers hardness [71], which is defined as 
an ability to resist the external deformations, such as denting, 
scratching, or bending. Here, the Hv of T-C56 was calculated 
by the empirical formula proposed by Chen et al [57]:

Hv = 2(k2G)
0.585 − 3� (9)

which usually gives better results for anisotropic materials, 
and has been widely used for identifying the candidate super-
hard materials [72–74]. In the formula, the k is the Pugh’s 

modulus ratio defined as the ratio of shear modulus G to bulk 
modulus B. For our predicted T-C56, its Vickers hardness is 
computed to be 48.71 GPa. Moreover, for comparison we have 
also calculated the Vickers hardness of some other allotropes 
(see Hv in table 2). Although the value is only about a half 
of the hardness of diamond (90.75 GPa), it is greatly larger 
than that of T-carbon (1.3 GPa), Hex-C24 (36.26 GPa), C64 
(32.13 GPa) and C20-sc (17.79 GPa). More importantly, it is 
larger than the critical value of 40 GPa, which is a recognized 
criterion for identifying the candidates of superhard materials 
[53]. Therefore, T-C56 should be a particular low-density 
superhard carbon allotrope. Its light weight virtue may make 
it as an ideal material for aerospace applications.

4.  Conclusions

In summary, based on the bottom-up approach, we have pro-
posed a new carbon allotrope, T-C56, which can be consid-
ered as the assembled 3D solid from the stable cage isomer 
of C16 cluster with three types of cluster-cluster links. From 
our first-principles calculations, the following interesting fea-
tures of T-C56 have been characterized: (i) it is a low-density 
(2.72 g cm−3) porous material due to the existence of three 

Figure 4.  (a) Surface contours of Young’s moduli of T-C56 in different directions. (b) The projected Young’s moduli (b) on the (0 0 1) plane 
and (c) on the (1 0 0) plane. (d) The calculated ideal tensile strengths of T-C56 along [1 0 0], [0 1 0] and [0 0 1] directions.
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kinds of carbon hollow cages C16 [4258], C20 [445464] and C40 
[4258612]; (ii) owing to the strong quasi-sp3 bonds, it holds 
satisfied energy, dynamic and mechanical stabilities, and 
can even be more stable than the experimentally synthesized 
C20-sc and T-carbon; (iii) the analysis of electronic properties 
show that it is a transparent indirect wide bandgap (3.18 eV 
from HSE06) semiconductor without light adsorption in the 
visible region; (iv) the mechanical properties analysis reveals 
that it is a superhard material with considerable anisotropy. 
These results not only highlight a novel low-density super-
hard carbon allotrope, but also provide a new paradigm for the 
design of the desirable materials based on the cluster-assem-
bled approach.
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