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A new family of sp>-hybridized carbon phases*
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A new family of superhard carbon allotropes C48(2i + 1) is constructed by alternating even 4 and 8 membered rings.
These new carbon allotropes are of a spatially antisymmetrical structure, compared with the symmetrical structures of bct-
C4, Z-carbon, and P-carbon. Our calculations show that bulk moduli of C48(2i+ 1) are larger than that of c-BN and smaller
than that of cubic-diamond. C48(2i+ 1) are transparent superhard materials possessing large Vicker hardness comparable to
diamond. This work can help us understand the structural phase transformations of cold-compression graphite and carbon

nanotubes.
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1. Introduction

Superhard materials play an important role in funda-
mental science and technological applications, and thus they
have been widely used in numerous industrial fields, such
as cutting, drilling tools, polishing, and coatings for surface
protecting.'>! Among them, diamond is the hardest known
material because of the nature of their strong sp>-hybridized
covalent bonding, and has been used to fulfill most of the
above mentioned industrial needs. Most of the natural dia-
monds are formed by carbon-containing minerals under the
conditions of high temperature and pressure in the Earth’s
mantle. Therefore, amorphous carbon, graphite, fullerene,
and carbon nanotubes (CNTs) are considered as the poten-
tial precursors to synthesize diamond-like materials in high
pressure experiment. For example, graphite can be converted
into the hexagonal (or cubic) diamond at pressures above 15
GPa and high temperature (1600-2500 K)."! In contrast, cold

4141 single-walled and multi-walled

compression of graphite,!
CNTs!5-211 result in superhard carbon allotropes, which ex-
hibit superior mechanical performance with the ability to in-

(9151 and differ from the crystal

dent single-crystal diamond
structure of hexagonal and cubic diamond. Consequently, sev-
eral hypothetical structures are proposed to shed light on the

m.[?2-30) The experimental crystal struc-

superhard mechanis
tures of cold-compressed phases of CNTs and graphite are
currently still under debate. Therefore, it is essential to exam-
ine its intrinsic structure to understand the unexpectedly high
indentation hardness of the cold-compressed phases of CNTs
and graphite.

When we pay more attention to the previously proposed
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allotropes, the bct-C4 phase and Z-carbon interest is due to its
unique structure.>>-28! Interestingly, all of them can be con-
structed through sliding and buckling of the graphene sheets.
Meanwhile, the bct-C4 phase can be observed at the inter-
face of Z-carbon. The crystal structure of bct-C4 is shown
in Fig. 1(a), indicating the simplest 4+8 rings pattern along
the armchair orientation (direct face-to-face opposed connec-
tion of two armchair chains). Similarly, a new carbon al-
lotrope C48 is constructed as shown in Fig. 1(b). The new
C48 allotrope is different from bct-C4, although it has 4 + 8
rings. Considering all possible even rings of carbon (4 4 8
membered rings in C48, six-membered rings in hexagonal
diamond), many additional possible combinations (shown in
Figs. 2(a) and 2(b)) could be expected. Therefore, it is very in-
teresting to seek a general scheme to understand the principles
of the structural formation of possible alternative superhard
allotropes related to cold-compressed CNTs and graphite.

(c)

Fig. 1. (color online) (a), (b) Crystallo-graphic structures of the bct-C4
and the proposed C48 carbon, and (c) 2x2x 1 supercell structure of C48
phase.
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Fig. 2. (color online) (a), (b) 2D projections of the 2x2x 1 suppercell of C48(5) and C48(7), and (c) high-pressure phase transition of

(9,0) CNTs under different compressions.

In the present work, we report on a new family of sp-
hybridized carbon allotropes by discussing the topological
stacking of carbon atomic chains consisting of even 4 and
From Fig. 2, we find that the
C48(2i + 1) carbon allotropes can be constructed by connect-

8 membered ring patterns.

ing malposed hexagonal to hexagonal diamond along the z
axis. These new phases are labelled by C48(2i+ 1) (i = 1,
2,...). 2i+ 1 respresents the number of layers of atoms. The
conventional unit cell for C48(2i+ 1) carbon has 47 atoms. The
structures of these new phases differ from those of M-carbon,
Z-carbon, W-carbon, P-carbon, S-carbon, R-carbon, and X-
carbon.3! In Fig. 2(c), we show a possible transition pathway
from (9, 0) carbon nanotube to C48(5). We find that (9, 0)
CNT retains its tubular structure in a pressure range from 0 to
30 GPa. The pressure-induced structure transition takes place
at a pressure of 32 GPa, in which (9, 0) CNT collapse. When
pressure is above 45 GPa, C48(5) can be obtained.

2. Method of calculation

The calculations were carried out by using density func-
tional theory as implemented in the Vienna ab initio sim-
ulaiton package (VASP)[*?l with the projector augmented-
wave method employed to describe the interaction between
the nucleus and valence electrons. The general gradient ap-
proximation (GGA) of the Perdew Burke Ernzerhof (PBE)
parameterization*3! was adopted to describe the exchange and
correlation function. A plane-wave basis set with a cutoff en-
ergy of 700 eV was used and Monkhorst-Pack**! k meshes
were chosen to ensure that all the enthalpy calculations are
well converged to better than 1 meV/atom. Forces on the ions
were calculated through the Hellmann—Feynman theorem al-
lowing a full geometry optimization.

Regarding the new structural models we explored, the
precisions of the electronic structures we forecast are mainly
determined by both the accuracy of the lattice optimization and

the corresponding Thomas—Fermi screening length averaging
scheme that is for sX-LDA calculations. In the CASTEP code,
the Thomas—Fermi screening length (k7r) of sX-LDA was de-
termined by evaluating the dynamical average charge density
within our newly predicted structures. 3! We took this feature
to accomplish the prediction of the electronic structures of the
newly determined structures. This is currently unavailable in
VASP but we still rely on VASP-predicted geometry structures
due to their perfect balance between efficiency and accuracy.
Phonon calculations have been carried out by using a supercell
approach as implemented in the PHONOPY code. The XRD
patterns for various structures were performed by the Materi-
als Studio package.

3. Results and discussion

In order to investigate the relative stabilities of C48(2i +
1) phases, the calculated enthalpy difference at zero tem-
perature with respect to graphite for different allotropes are
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Fig. 3. (color online) Plots of calculated enthalpy difference per atom
with respect to graphite versus pressure for a series of carbon allotropes.
Graphite is denoted with the horizontal line at zero. The stable pressures
of these proposed allotropes compared with that of graphite are labeled.
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compared in Fig. 3 as a function of pressure. It is shown that
the C48(2i + 1) structures with i > 4 are more stable than the
bct-C4, M-carbon, W-carbon, and Z-carbon. Only bct-C4 has
(almost) the largest enthalpy. C48(3) is the less stable structure
than the others, and C48(5) is only more stable than bct-C4.
The enthalpy value per atom of the C48(2i + 1) phase tends to
be the value of hexagonal diamond with the increase of i.
Based on the sX-LDA method, the electronic band struc-
ture is calculated at zero pressure. E, = 5.476 eV and E; =
6.11 eV are obtained respectively for cubic and hexagonal di-
amond, which match well with the experimental results. 36!
It is shown that the C48(3) carbon is a wide gap insulator

(a) 10

Energy/eV
=

—10

with energy gap E; = 5.647 eV, which is higher than that
of cubic diamond and samller than that of hexagonal dia-
mond. Analyses of electron localization functions (ELFs) (see
Fig. 4(b)) and charge density difference (see Fig. 4(c)) suggest
that C48(3) carbon is sp3-hydriddized. The electron density
between atoms increases with increasing pressure. These re-
sults show that the C48(3) carbon is a transparent material.

Smilar properties are observed in the other C48(2i + 1) car-
bon phases as shown in Table 1. The C48(5) carbon has the
smallest band gap E, = 4.743. The band gap for C48(2i + 1)
phases increases with i and tends to be the value of hexagonal
diamond E; = 6.11 V.
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Fig. 4. (color online) (a) Calculated electronic band structure at zero pressure; (b) calculated ELF isosurface at ELF = 0.9; and (c)

charge density difference for C48(3).

Table 1. Space group, lattice parameters (LP), densities (D: g-cm™3), band gaps (Eg: V), bulk moduli (By: GPa), shear moduli (G: GPa),
Young’s moduli (Y: GPa), Poisson’s ratios (v), and Vicker’s hardness for bct-C4, M-Carbon, W-Carbon, Z-Carbon, Lonsdadiet, diamond, and

C48.

Systems Space group LP/A D Eq By G Y \4 H,
bet-C4 14 /mmm a=b=4.3303,c=3.533 3.42 3.194,2.58,1271 2561281 430, 433.7,271 4287181 443 989  0.1171  44.50821584
M-carbon C2/m a=9.086, b =2.497, c =4.105 345 4.842,3.56,2713.601221  432,438.7,71 43121221 476 1044 0.0975  67.8346733
W-carbon Pnma a=9.086,b=2.497, c =4.105 3.46 6.287, 4.39171 431, 444.5127) 474 1041 0.0978  88.24206743
Z-carbon Cmmm a=8.671,b=4.208, c=2.487 3.52 4.024 445 494 1081  0.0950  57.07551942
Lonsdadiet P63 /mmc a=b=2485c=4.138 3.60 6.110 465 551 1185 0.0750  88.11840862
Diamond Fd3m a=b=c=3.533 3.64,3.6381 568, 4.20,1271 54703 465, 446.3127! 546 1178  0.0780  82.18331451
C48(3) Pmma a=4231,b=3.837,c=4.523 3.26 5.647 388 364 831  0.1427  76.14862682
C48(5) Pmma a=4.191,b=6.341,c=4.418 3.40 4.743 417 431 962  0.1151  65.74917726
C48(7) Pmma a=4.174,b=8.835,c=4.380 3.46 5.132 430 464 1024  0.1031  71.98063694
C48(9) Pmma a=4.166,b =11.323, c = 4.360 3.49 5.207 437 483 1058 0.0967  73.50335501

The mechanical properties, such as bulk modulus, shear
modulus, Young’s modulus, Poisson’s ratio, and Vicker’s
hardness for bct-C4, M-carbon, W-carbon, Z-carbon, hexag-
onal diamond, cubic diamond, C48(2i 4+ 1) are summarized
in Table 1.

ters, density, bulk modulus, and shear modulus for cubic di-

It is shown that the calculated lattice parame-

amond match well with the experimental results.>3¢! Further

studies show that the density of C48(2i+ 1) carbon phases

is sparser than that of cubic and hexagonal diamond, and in-
creases with i value increasing. The similar changing trends
are observed in bulk modulus, shear modulus and Young’s
modulus. In contrast, Poisson’s ratio decreases with the i value
increasing. There are many empirical formula to simulate the

37381 In the present work, Vicker’s hard-

Vicker’s hardness.|
ness for these carbon alltropoes are calculated according to the

method proposed by Gao et al.’’! We find that the C48(2i + 1)
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carbon phase possesses a large Vicker hardness comparable to
diamond.

The stability of a structure cannot be determined exclu-
sively by comparing enthalpy since the structure might be sub-
ject to dynamic instabilities. Therefore, phonon dispersion
curves for C48(2i + 1) are further calculated by the supercell
method. In the present work, we focus on C48(3) and C48(5).
C48(3) and C48(5) can be constructed by connecting mal-
posed hexagonal to hexagonal diamond along the z axis and
a grain boundary between the hexagonal diamond is observed.

The primitive cell of the C48(3) phase contains 12 atoms, giv-
ing 36 phonon branches. Around the I" point, three phonon
dispersion curves are observed and no imaginary phonon fre-
quencies are found in the whole brillouin zone (see Fig. 5(a)),
indicating that the C48(3) is dynamically stable at zero pres-
sure. Similar properties are observed in the C48(5) phase and
the other C48(2i + 1) phases as shown in Fig. 5(b). The 60
phonon branches are found in Fig. 5(b), owing to 20 atoms in
a unit cell of C48(5).
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Fig. 5. (color online) Calculated phonon dispersion curves at 0 GPa for (a) C48(3) and (b) C48(5).

bet-C4 A N
M-Carbon A
;v W-Carbon
7
[
§ diamond . o
= A
N IV
P4§(45)Ak }\_J\J\A,JL PN NNV Y U SN
048/&7) A J\JA_/\/L,J\, NN W N U W
e ) 1
6 8 10 12 14 16 18

20/(°)
Fig. 6. (color online) Simulated XRD patterns of bct-C4, M-carbon, W-
carbon, Z-carbon, hexagonal diamond, cubic diamond, and C48(2i+ 1)
phases (0.3329 A radiation).

Finally, the XRD patterns of bct-C4, M-carbon, W-
carbon, Z-carbon, hexagonal and cubic diamond, C48(2i + 1)
phases have been simulated for instructing the experiment, by
using 0.3329 A radiation.*”! At zero pressure, the simulated

intensive peak positions and relative intensities of cubic and
hexagonal diamond match the experimental results very well.
As is well known, each phase has its own characteristic peaks,
which correspond to different crystal planes. The XRD pat-
terns for C48(2i 4 1) phases are shown in Fig. 6. Thus the
nano-polycrystalline structures of C48(2i + 1) phases, con-
structed from carbon nanotube and graphite, can be further
identified according to the additional characteristic peaks. The
XRD patterns present important theoretical guidance for the
experiment and can help us understand the structural phase

transition of high-pressure CNTs and graphite.

4. Conclusions

In this work, we perform a comprehensive study on the
lowest-enthalpy carbon phases and the phase transformation
mechanisms for cold-compressed CNTs and graphite. Our
calculations reveal that the phase transformation initiates and
proceeds along the pathways with lowest enthalpy toward
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a new family of sp>-hybridized C48(2i + 1) phases. The
cold-compressed carbon phases, constructed from CNTs and
graphite, may consist of C48(2i + 1) and previously proposed
bct-C4, M-carbon, W-carbon, Z-carbon, P-carbon, S-carbon,
R-carbon, and X-carbon. It would be reasonable to expect that
the cold-compressed phase of CNTs and graphite can be inter-
preted as a mixture of several of the proposed allotropes. The
present results provide an excellent account for the experiment
on the cold-compressed CNTs and graphite, they also provide
an insight into the understanding of high-temperature phase
transformation pathways for carbon structures.
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