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Based on the tetragonal diamond segments (CHy, CsHip, Ci4H24, C3oHa0, CssHgo and CoiHga), @ new
type of cubic carbon crystalline structure (Diamond-XIl) with 12-fold distorted diamond segments was
proposed and investigated by first-principles calculations. The phonon band structures and elastic
properties show that all these Diamond-XIl structures are both mechanically and dynamically stable.
They are more stable than the previously proposed T-carbon, BC-8 and C3-205 phases and are
confirmed to be transparent superhard insulators. Especially, the lattice constants for Diamond-XII-4 and
Diamond-XII-5 of 12.83 A and 15.68 A are very close to that (14.7 A) of the superhard transparent cubic
carbon phase discovered in the Popigai crater [A. El Goresy et al, C. R. Geoscience, 2003, 335, 889—
898]. Their simulated XRD results can explain many of the XRD peaks from the experiment. The matches
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in lattice, hardness, XRD and electronic properties provide us with an inaugural and fundamental under-
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|. Introduction

The energy landscape of the element carbon is exceedingly
complex, hosting diverse and important metastable phases,
including diamond, fullerenes, nanotubes and graphene. In
the past decades, many efforts from both experimental’™ and
theoretical®® points of view have been paid on searching for
new meta-stable carbon crystals. Many structurally unknown
carbon samples have been experimentally reported. For exam-
ple, the large-size hexagonal chaoite (@ = b = 8.948 A and
¢ = 14.078 A) discovered in the Ries Crater in Germany®, which
was synthesized again through graphite sublimation in high
temperature and low-pressure conditions;'>'" the middle-size
hexagonal carbon IV (a = b = 5.33 A and ¢ = 12.24 A), which was
synthesized again through graphite sublimation in high tem-
perature and low-pressure conditions;'' and the super-size
cubic phase (@ = 14.7 A) with transparent and superhard
properties discovered in the Popigai crater.'> To search for
structural candidates for these large-size carbon structures is
challenging for present crystal prediction methods."*™® There
are large numbers of carbon crystals that have been theoreti-
cally predicted in previous literature.'®>° However, only a few
of them have been suggested as the candidates for some of the
previously discovered small size experimental carbons. For

Hunan Key Laboratory of Micro-Nano Energy Materials and Devices, School of
Physics and Optoelectronics, Xiangtan University, Hunan, 411105, P. R. China.
E-mail: hechaoyu@xtu.edu.cn, luochaobo@xtu.edu.cn

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ma00920j

© 2023 The Author(s). Published by the Royal Society of Chemistry

standing of the super-size cubic carbon for the first time.

example, the M-carbon,'”?® W-carbon,** Z-carbon,’**® H-
carbon and S-carbon®* proposed for explaining the superhard
carbon phase synthesized through cold-compressing graphite;
the cubic C20-sc,® C21-sc and C22-sc*® predicted as the candi-
dates of the simple cubic carbon sample shock-synthesized by
compression of the mixture of carbon black and tetracya-
noethylene;" the 3D-C24%” and C3-205** proposed for the cubic
carbon phase synthesized by cold compressing graphite;*° and
the cubane,’® BC8*' and Bcc-C6*>** suggested for superdense
carbon.*’

According to our knowledge, no crystal structures have been
proposed for the super-size cubic carbon phase.'” The crystal
structures for chaoite,” ™" carbon IV*"* and the super-size cubic
carbon® are still mysteries and are challenging for present
popular crystal prediction methods.*™*° In this letter, we report
our discovery of a new type of cubic diamond allotrope
(Diamond-XII) containing 12 pieces of tetragonal diamond
segments (TDS) as shown in Fig. 1. With the increase of the
size (defined as the length of the tetragon as shown in Fig. S1,
ESIT) of the used TDS as indicated in Fig. S1 (ESIt), a series of
Diamond-XII-n shown in Fig. S2 and S3 (ESIt) can be con-
structed (see the method as sketched in Fig. 1). We notice that
the total atom number N; per cubic cell in Diamond-XII-i can be
described as a general term N; = N;_; + 12* when i when ubic
¢; =12 and i indicates the size of the TDS. We investigate the
structures, stabilities and electronic properties of the fist-six
Diamond-XII-n with computing-acceptable sizes, in which n =1,
2, 3,4, 5 and 6 contain 1, 2, 4, 7 12 and 16 inequivalent carbon
atoms in the cells, respectively. We find that the optimized
lattice constants of Diamond-XII-4 (12.83 A) and Diamond-XII-5
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Diamond-XII-5 with12 pieces of ¢cd-Css

Fig. 1 The crystalline views of tetragonal diamond segments with (CssHgg) and without (cd-Css). The sketch map of constructing Diamond-XIl through
diamond segments in the perspective cubic view and 111 direction primitive views. Each cubic cell contains 12 pieces of tetragonal diamond segments.

(15.68 A) are very close to that (14.7 A) of super-size cubic
carbon."” Furthermore, the simulated X-ray diffraction patterns
(XRD) of these Diamond-XII phases can help us to understand
the experimental results, which indicate that Diamond-XII-4
and Diamond-XII-5 can be considered as structural candidates
for super-size cubic carbon.

[l. Method

The density functional theory (DFT) based first-principles
method as implemented in the Vienna ab initio simulation
package (VASP)**** is employed in our calculations. The inter-
actions between the nucleus and the 2s*2p® valence electrons of
carbon are described by the projector augmented wave (PAW)
method.*>*® The interactions between the valence electrons are
also accounted for by generalized gradient approximations
(GGA) developed by Perdew, Burke and Ernzerhof (PBE)."
The cut-off energies are set to be 500 eV and the Brillouin Zone
sample meshes were set to be dense enough (less than 0.21 A™)
for each system. All the structures are fully optimized up to the
residual force on every atom less than 0.01 eV A™'. The
vibrational spectra are simulated by the open-free code-package
PHONOPY*®*° with forces calculated from VASP. We have used
the HSE06 functional®® to calculate the band gap of cubic
diamond to evaluate the movement, and then to evaluate the
HSEO06-based band gaps of these new carbon phase by pulsing
the movement on the PBE-based gaps.

To further confirm the mechanical stabilities of these new
materials, we have systematically investigated their symmetry-
dependent elastic constants (Cj;) through a well-developed
method®" as implemented in the newest VASP code by setting
IBRION = 6 in the input file (INCAR). With the calculated
independent elastic constants (C;, we can evaluate their elastic
stabilities according to their symmetries®® and further evaluate
their corresponding bulk modules (B) and shear modules (G).
In our calculations, both Reiss’s and Voigt’s formulas are
employed to obtain the averaged results. Finally, with the
recently developed model,>® we can calculate their Vicker’s

710 | Mater. Adv,, 2023, 4, 709-714

hardness (Hv) as Hv = 2%(G*/B*)**®* - 3, which can help us to
classify these crystals as soft (<10 GPa), hard (10 GPa - 40 GPa)
or superhard materials (> 40 GPa).

I1l. Results and discussion

In fact, Diamond-XII-1 and Diamond-XII-2 containing 12/1 and
60/2 total/inequivalent carbon atoms in their cubic cells are the
previously proposed becc-C6** and ¢l60,>* respectively. Such
small-size configurations can be quickly discovered by our
recently developed RG*-code'®, which is a powerful code for
generating crystal structures with well-defined geometrical
features.>*>° The new Diamond-XII-3 with a larger size can
also be uncovered by RG”. It contains 168/84 carbon atoms in
its cubic/primitive cell, in which only 4 of them are inequiva-
lent. After studying the topology characteristics of Diamond-
XII-1, Diamond-XII-2 and Diamond-XII-3, we find that they can
be constructed through combining 12 pieces of the TDS (CH,,
CsH;, and Cy,H,, as shown in Fig. S1, ESIT). In Fig. 1, we show
such a simple idea of combining the TDS to construct new
cubic carbons. With the increase of the size n of the used TDS
(C30H40, CssHeo and CoyHgy), three large-size cubic carbon
phases (Diamond-XII-4, Diamond-XII-5 and Diamond-XII-6)
are obtained. They contain 360/7, 660/12 and 1092/16 total/
inequivalent carbon atoms in their cubic cells, respectively,
which are too large for the present crystal predicting software.

The optimized crystal structures of these Diamond-XII allo-
tropes in the perspective cubic view and 111 direction views are
shown in Fig. S2 and S3 (ESIT), respectively. One can easily
know their common topological characteristics from their
crystal structures as provided in the ESLt After optimizing,
the lattice constants of Diamond-XII-1 and Diamond-XII-2 are
4.37 A and 7.16 A, respectively, which are in good agreement
with those reported in previous literature.”>*> The optimized
lattice constants of Diamond-XII-n are 9.99 A, 12.83 A, 15.65 A
and 18.51 A for n equal to 3, 4, 5 and 6, respectively. We can see
that Diamond-XII-4 and Diamond-XII-5 possess lattice constants

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The calculated average energies (eV per atom relative to cubic diamond) and equilibrium volumes of Diamond-XII allotropes and some well-
known carbon crystals (a); the calculated band gaps and Vicker's hardness of Diamond-Xll allotropes (b).

very close to that of the super-size cubic carbon discovered in the
Popigai crater.'

To show the relative stabilities of these Diamond-XII allo-
tropes, we compared their average energies to those of some
well-known cubic carbon phases, such as BC8,*" BC12,° C3-
205, Cubane,*® C22-sc¢*® and cubic diamond (cd). As shown in
Fig. 2(a), the calculated average energies of Diamond-XII-1 and
Diamond-XII-2 are 383 meV per atom and 352 meV per atom
higher than that of cd (set to be zero). These results are good
agreement those reported in previous literature®**°. With the
size increase, the average energies of Diamond-XII allotropes
(n =3, 4, 5 and 6) slightly increase to be 407 meV per atom, 441
meV per atom, 463 meV per atom and 477 meV per atom,
respectively. They are energetically more stable than
cubane (631 meV per atom), BC8 (698 meV per atom), BC12
(892 meV per atom) and C3-205 (927 meV per atom). Especially,
they are more favorable than the experimentally synthesized
T-carbon (1171 meV per atom),>®® which indicate that they can
be expected to be synthesized in future experiments.

The dynamical stabilities of Diamond-XII-1 and Diamond-
XII-2 have been previously confirmed to be positive.”**> We
then calculated the vibrational phonon spectra of Diamond-XII-
3, Diamond-XII-4, Diamond-XII-5 and Diamond-XII-6 to check
their dynamical stabilities. The calculated results of the pho-
non band structures of Diamond-XII-3, Diamond-XII-4,
Diamond-XII-5 and Diamond-XII-6, are shown in Fig. 3(a)-(d),
respectively. We can see that no imaginary frequencies appear
in the phonon band structures, which indicates that these four
new Diamond-XII allotropes are dynamically viable carbon
phases. As shown in Table S1 (ESIt), we also calculated the
elastic properties of these Diamond-XII allotropes. The calcu-
lated elastic constants for all Diamond-XII allotropes satisfy the
mechanical stability criteria of a cubic lattice, namely C;; > 0,
Cy4 > 0,Cq; — Cq5 > 0and Cy; +2C;, > 0, which indicate that
all of them are mechanically stable. As shown in Fig. 2(b) and
Table S1 (ESIt), the calculated Vicker’s hardness of Diamond-
Xll-n(n=1,2,3,4,5and 6) are 57.27 GPa, 69.17 GPa, 76.49 GPa,
80.33 GPa, 83.66 GPa and 86.44 GPa, respectively. These values

5—: '’ - <
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Fig. 3 The calculated phonon band structures of our new Diamond-XII-3 (a), Diamond-XIl-4 (b), Diamond-XII-5 (c) and Diamond-XII-6 (d).
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Fig. 4 The calculated electronic band structures of our new Diamond-XII-3 (a), Diamond-XIl-4 (b), Diamond-XII-5 (c) and Diamond-XII-6 (d).

indicate that all these Diamond-XII allotropes are superhard
materials. For intuitive presentation of the anisotropy in
mechanical properties of these Diamond-XII allotropes, we
plotted the Young’s modulus and Poisson’s ratio in three-
dimensional form in Fig. S4 and S5 (ESIf). It is clear that the
anisotropy is enhanced as the size-index n increases.

We then investigated the electronic properties of these
Diamond-XII allotropes. Fig. 4(a)-(d) are the density functional
theory (DFT) based bands structures of Diamond-XII-3, Diamond-
XII-4, Diamond-XII-5 and Diamond-XII-6, respectively. The DFT-
based band gaps of all the Diamond-XII allotropes are shown in
Fig. 2(b) and Table S1 (ESIT). We can see that the calculated band
gaps for these four new Diamond-XII allotropes (n = 3, 4, 5 and 6)
are 1.357, 1.129, 0.806 and 0.465 €V, respectively. Although DFT
always under-evaluates the band gap of semiconductors, we did
not employ the HSE06 method to recalculate the bands structures
of these Diamond-XII allotropes because of the computational
costs. We evaluated a proper movement of about 1.2 eV for the
HSEO6-based band gaps of these carbon allotropes based
on the difference between the HSEO6-based gap (5.32 eV) and

the PBE-based gap (4.12 eV) of cd. Thus, the HSE06-based band
gaps of these four new Diamond-XII allotropes (n = 3, 4, 5 and 6)
are evaluated to be 2.557, 2.329, 2.006 and 1.665 eV, respectively.
That is to say, Diamond-XII-4 and Diamond-XII-5 cannot absorb
most of all visible light, which indicates that they may be
transparent for most visible light. Such results are also in good
agreement with the experiment conclusion that the super-size
cubic carbon is a transparent phase.'?

With well-matched lattice constants, mechanical and elec-
tronic properties, Diamond-XII-4 (12.83 A) and Diamond-XII-5
(15.65 A) are expected to explain the super-size cubic carbon
(14.7 A) reported in previous literature.'> We simulated their
XRD patterns to compare them with that reported in a previous
experiment, and Fig. 5(a) shows the XRD patterns of Diamond-
XII-1, Diamond-XII-2 and Diamond-XII-3. Fig. 5(d) plots the
XRD pattern of Diamond-XII-6. In views of the mismatch in
lattice constant, the XRD patterns in Fig. 5(a) and (d) cannot
explain the XRD of the super-size cubic carbon. However, we
can see that the XRD patterns in Fig. 5(b) and (c) for Diamond-
XII-4 and Diamond-XII-5 can explain many of the XRD peaks in
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Fig. 5 Simulated X-ray diffraction patterns of Diamond-Xll-1, Diamond-XII-2, Diamond-XlI-3 (a), Diamond-XII-4 (b), Diamond-XIlI-5 (c) and Diamond-

XII-6 (d) compared with experimental results.
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the experiment."” For example, the experimental XRD peaks in
the ranges of [8-12°], [13-14°] and [16-22°] can be well under-
stood based on the XRD patterns of Diamond-XII-4 and
Diamond-XII-5. These results indicate that Diamond-XII-4 and
Diamond-XII-5 are possible structural candidates for the super-
size cubic carbon sample.

V. Conclusion

In summary, a new type of cubic carbon crystalline structure
(Diamond-XII) with 12-fold distorted diamond segments was
proposed and investigated. They are confirmed to be both
mechanically and dynamically metastable carbon phases that
are more favorable than the previously proposed BC8, BC12 and
C3-205 as well as the experimentally synthesized T-carbon. The
calculated results show that these Diamond-XII allotropes are
superhard materials. Five of them are evaluated to be transparent
phases for visible light. In view of the well-matched lattice con-
stant, electronic and mechanical properties, Diamond-XII-4 and
Diamond-XII-5 are suggested to be structural candidates for the
super-size, superhard and transparent cubic carbon sample dis-
covered in the Popigai crater. Their simulated XRD results can
explain many of the XRD peaks from the experiment.
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