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Body centered cubic carbon BC14: An all-sp® bonded full-fledged pentadiamond
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We report on the finding of a hard carbon structure in body centered cubic (/2;3) symmetry that possesses an
extremely high bulk modulus (386 GPa) and Vickers hardness (60 GPa) comparable to that of c-BN and diamond.
This carbon phase has a 14-atom primitive cell in an all-sp® bonding network comprising five-membered rings,
making it a truly full-fledged pentadiamond. Total energy calculations show that it is more stable than the
previously reported diamondlike six-membered-ring bonded BC8 and BC12 carbon phases. Electronic band
structure calculations show that it is an insulator with an indirect band gap of 5.64 eV. Simulated x-ray diffraction
patterns and lattice parameters provide an excellent match to the previously unexplained distinct diffraction
peaks found in carbon soot. The present results establish a distinct type of carbon phase and offer insights into
its outstanding structural, mechanical, and electronic properties.
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I. INTRODUCTION

Carbon exhibits extremely versatile bonding abilities that
produce a rich variety of crystalline forms with novel prop-
erties in sp’-, sp?>-, and sp-hybridized bonding states [1-7].
At ambient conditions, graphite is the thermodynamically
most stable carbon allotrope with strong in-plane aromatic
conjugation. A rich variety of carbon phases has also been
synthesized under laboratory conditions [4-6,8-22], such as
fullerenes [8], carbon nanotubes [9], graphene [10], and
graphdiyne [11]. A useful way is to explore new carbon al-
lotropes under extreme conditions such as high pressure or
shock compression. Cold-compressed graphite [23] at room
temperature has led to the identification of several new hard
carbon structures [24-35] such as monoclinic M-carbon [24],
orthorhombic W-carbon [26], and Z-carbon [28]. In addi-
tion, a new cubic modification of carbon denoted BC12 in
Ia3d symmetry [36] was proposed to be a likely candidate
structure found in shock-compressed tetracyanoethylene pow-
der [37] and bcc carbon BC8 [38] was reported to be the
high-pressure modification of carbon derived from cubic di-
amond under a pressure of ~1100 GPa [38—41] and was
identified in diamondlike carbon thin films [42]. Meanwhile,
the supercubane (cub-Cg) was theoretically predicted [43]
and synthesized from amorphous carbon films by using a
pulsed-laser-induced liquid-solid interface reaction [44]. Re-
cently, T-carbon [12] was produced from pseudotopotactic
conversion of a multiwalled carbon nanotube suspension in
methanol by picosecond pulsed-laser irradiation [45], despite
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its rather high energy of about 1.2 eV per atom above that of
diamond and graphite [46]. The design and synthesis of new
carbon structures are one of the hot issues in condensed-matter
physics because of their fascinating properties. Very recently,
the so-called two-dimensional pentagraphene [47] and three-
dimensional pentadiamond (FC22) [48] were also suggested
with sp?- and sp*-hybridized pentagonal networks.

In this paper, by combining a systematic structure search
process and ab initio calculations, we identify a hard car-
bon structure comprising five-membered rings in an all-sp?
bonding network, characterized as a truly full-fledged penta-
diamond. This new carbon polymorph has a 14-atom primitive
cell in bee (1213) symmetry and is thus termed BC14 carbon.
Its dynamic structural stability has been verified by phonon
mode analysis. Total energy calculations show that it is ener-
getically more stable than the previously reported BC8 [39],
BC12 [36], and cub-Cg [43] carbon phases. Electronic band
structure calculations show that it is an insulator with an
indirect band gap of 5.64 eV, thus expected to be optically
transparent. Remarkably, BC14 carbon possess an extremely
high bulk modulus (386 GPa) and Vickers hardness (60 GPa),
which are comparable to the corresponding values of c-BN
and diamond. Moreover, a good match between the simulated
and measured x-ray diffraction patterns makes a strong case
for assigning BC14 carbon as the experimentally observed
new carbon phase in carbon soot [49].

II. COMPUTATIONAL METHODS

We have performed a structure search using a technique
based on a Monte Carlo algorithm [50]. The energetics were
first screened by highly efficient Tersoff potential calculations
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FIG. 1. Crystalline structure of BC14 carbon in 72,3 (T, No. 199) symmetry. (a) A 28-atom cubic unit cell with a lattice parameter of a
= 5.5453 A, occupying 125 (0.3701, 0.0, 0.25), 8a (0.9931, 0.9931, 0.9931), and 8a (0.1830, 0.1830, 0.1830) Wyckoff positions, denoted by
C,, C,, and C;s, respectively. (b) A 14-atom primitive cell with lattice parameters of a = 4.8024 A and & = 109.47°. The carbon atoms form
five-membered rings in an all-sp® bonding network, characterized as pentadiamond. (c) Electron localization function (ELF) map for BC14
carbon with an isosurface level of 0.82. (d) Partial charge density distribution of the topmost valence band with an isosurface level of 0.06

e/ A3, mainly coming from the C, and C; atoms.

[51] and then refined by more accurate first-principles meth-
ods. This targeted search resulted in the identification of BC14
carbon in a 28-atom cubic cell. Density functional theory cal-
culations are performed using the Vienna Ab initio Simulation
Package (VASP) [52]. The generalized gradient approximation
developed by Armiento and Mattsson (AMO5) [53] is adopted
for the exchange-correlation potential. The all-electron pro-
jector augmented wave [54] method is adopted, with 2522p?
treated as valence electrons. Wave functions of the valence
electrons are expanded in plane waves up to a kinetic energy
cutoff of 800 eV, and the Brillouin zone is sampled with
a 10 x 10 x 10 Monkhorst-Pack special k-point grid includ-
ing the I' point. Convergence criteria employed for both the
electronic self-consistent relaxation and the ionic relaxation
are set to 10™% eV and 0.01 eV/A for energy and force,
respectively. Electronic band structures are calculated using
the Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [55].
Phonon calculations are performed using the PHONOPY pack-
age [56].

III. RESULTS AND DISCUSSION

We first present the structural characterization of BC14
carbon. It has a 28-atom bcc unit cell in 72,3 (T3) symmetry
[see Fig. 1(a)] with three irreducible atom sites occupying the
12b (0.3701, 0.0, 0.25), 8a (0.9931, 0.9931, 0.9931), and 8a
(0.1830, 0.1830, 0.1830) Wyckoff positions, denoted by C,
C,, and C;, respectively. There are three distinct bond lengths
of 1.547 A (C;-C,), 1.498 A (C;-C5), and 1.824 A (C,-C3).
Also, there are five different bond angles, 92.33° for ZC3-C;-
Cs, 98.75° for ZC;-C3-Cy, 115.89° for £Cy-C,-Cy, 117.33°
for Z/C-C5-Cy, and 121.26° for £C,-C;-C,. These bond
angles are averaged and equal to 109.11°, close to 109.47°
in diamond with a large bond angle range from 92.33° to
121.26°, similar to the findings in all-sp® BC12 [36] and R16
carbon [50]. A 14-atom primitive cell is also given in Fig. 1(b).
The carbon atoms form five-membered carbon rings in an
all-sp® bonding network, characterized as pentadiamond. Re-
markably, the lattice parameters are estimated to be a = 5.545
A, which is in good agreement with the experimental lattice
data for an unidentified cubic carbon phase [35].

To understand the bonding nature of electrons in BC14 car-
bon, the electron localization function (ELF) map is illustrated

in Fig. 1(c) with an isosurface of 0.82. The high ELF values
(1> ELF > 0.5) indicate the formation of covalent bonds [57].
We can see that the electrons are well localized in between the
C,-C3 bonds as well as in between the C;-C, and C;-C5 bonds
[58], showing the typical covalent bonding behavior between
carbon atoms in BC14 pentadiamond.

Figure 2 presents the total energy as a function of vol-
ume per atom for BC14 carbon, in comparison with graphite,
diamond, BC8 [39], BC12 [36], cub-Cg [46], Rh6 polyben-
zene [15], and FC22 pentadiamond [48]. Among these carbon
allotropes, BC8 and BC12 as well as diamond comprise six-
membered carbon rings. It can be seen that BC14 is obviously
less stable than graphite, diamond, Rh6 polybenzene, and
FC22 pentadiamond but energetically more stable than BC8,
BC12, and the cub-Cg carbon phase, with a substantial energy
gain of 0.177, 0.383, and 0.162 eV per carbon atom, re-
spectively, suggesting better thermodynamic stability of BC14
carbon. Meanwhile, BC14 has a smaller volume than cub-Cg,
Rh6 polybenzene, and FC22 pentadiamond, showing a denser
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FIG. 2. The total energy as a function of volume per atom for
the BC14 carbon phase in comparison with graphite, diamond, cub-
Cs [44], BC8 [39], BC12 [36], Rh6 polybenzene [15], and FC22
pentadiamond [48]. The dashed line indicates the energy level of the
linear carbyne chain.
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TABLE I. Calculated equilibrium structural parameters (lattice parameters a and ¢, volume per atom V;, density p, and bond lengths

dc_c), total energy per atom E,,, electronic band gap E,,

bulk modulus By, and Vickers hardness H, for graphite, diamond, cub-Cg, BCS,

BC12, BC14, Rh6, and pentadiamond (FC22), compared to available experimental data (EXP) [35,37,42,62,63].

Structure  Space group  Method  a(A) c(A) Vo (A% p(g/em®)  dec(A)  Eu (V) E,(eV) By (GPa) H, (GPa)
Diamond Fd3m AMO5 3.552 5.60 3.56 1.538 —9.018  5.36 451 93.5
EXP[62]  3.567 5.67 3.52 1.544 5.47 446 96 [63]
Cub-Cs Im3m AMO5 [46]  4.853 7.15 2.79 1.470,1.578 —8355  4.17 323 31.0
BC8 Ia3[39] AMO5 4.443 5.48 3.64 1.455,1.617 —8340  3.58 412 82.5
EXP [42]  4.450
BCI12 1a3d [36] AMO5 5.139 5.66 3.53 1.574 —8.134 298 429 76.7
EXP[37] 5.140
BCl4 12,3 AMO5 5.545 6.09 3.27 1.498—1.824 —8517  5.64 386 59.5
EXP[35] 5.545
Rh6 R3m AMO5 [15] 6902 3470  7.96 2.50 1.359,1.483 —8.550  0.47 291 9.7
FC22 Fm3m [48] AMO5 9.148 8.71 2.29 1.348—1.556 —8.691  3.52 258 223
Graphite  P63/mmc  AMO5 2462 6710  8.81 2.26 1.422 —9.045 280
EXP[62] 2460 6.704 8.78 1.420 286

carbon phase with a larger density of 3.27 g/cm?. In order
to obtain the bulk modulus By, we fit the energy-volume
data to the higher-order Birch-Murnaghan equation of state
EWV) =Y [a(m)V=2"3],_¢.n, with m = 5 or 6, and the fitting
coefficient a(n) is obtained using a least-squares fit [59,60].
The bulk modulus By for BC14 carbon is estimated to be
386 GPa [401 GPa under the local density approximation
(LDA)], which is about 14% smaller than the value of 451 GPa
for diamond (466 GPa under LDA) but almost equal to the
value of 386 GPa for c-BN (396 GPa under LDA [61]), sug-
gesting the potential for BC14 carbon in a superhard material.
The calculated equilibrium structural parameters, total energy,
and bulk modulus are listed in Table I and are compared to
available experimental data [35,37,42,62].

To confirm the mechanical stability, we have calculated the
elastic constants C;; for BC14 carbon as Cy; = 836 GPa, Cy,
= 162 GPa, and Cyy = 404 GPa. These results satisfy the
mechanical stability criteria C;; > 0, Cy4 > 0, Ci; > |Ca],
and Cy; + 2C}» > 0 for the cubic structure [64].

We have also estimated both bulk modulus B and shear
modulus G values from the elastic constants [64] in com-
parison with ¢-BN and diamond. The bulk modulus B is
estimated to be 387 GPa for BC14, 388 GPa for c-BN, and
454 GPa for diamond, which are well in agreement with
the data (see Table I for BC14 and diamond) obtained by
the Birch-Murnaghan fit of the energy-volume curves; mean-
while, the shear modulus G is estimated to be 377 GPa for
BC14, 400 GPa for ¢-BN, and 537 GPa for diamond. Based
on these B and G data, we then calculate the Vickers hard-
ness H, using the empirical formula H = 2(G>/B*)*% — 3,
suggested by Chen et al. [63]. The H, values are estimated to
be 59.5 GPa for BC14, 66.0 GPa for c-BN, and 93.5 GPa for
diamond. Our calculated B, G, and H, values for c-BN and
diamond are well in agreement with the previously reported
data [63]. Meanwhile, the values for BC14 carbon are smaller
than that of diamond but very close to the data for c-BN.
These results suggest BC14 is a hard material, like c-BN and
diamond.

For comparison, we have also calculated the elastic con-
stants C;; for the recently reported FC22 pentadiamond [48]
as C;; = 552 GPa, C, = 114 GPa, and Cyy = 142 GPa. B,
G, and H,, are estimated to be B = 260 GPa, G = 173 GPa,
and H, = 22.3 GPa, which are well in agreement with the data
given by Brazhkin ez al. [65] and Saha et al. [66]. We can see
that the proposed FC22 pentadiamond is, indeed, not able to
be a hard material since it is not dense [67,68], with a small
density of 2.29 g/cm? (see Table I).

To confirm the dynamical stability, we have calculated
the phonon band structures and partial density of states
(PDOS). As shown in Fig. 3, the highest phonon frequency
of 1348 cm™! is at the T' point, relative to the C; and Cs
atoms with a bond length of 1.498 A (C,-C3). Meanwhile,
there is a gap between 1201 and 1280 cm™!, and PDOS peaks
around 1195 cm™! are mainly relative to the C; and C, atoms
with a bond length of 1.547 A (C,-Cy). The highest phonon
frequency of 1348 cm™! in BC14 is close to ~1326 cm™'
in diamond [69]. Moreover, throughout the entire Brillouin
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FIG. 3. Phonon band structures and PDOS for BC14 carbon at
equilibrium lattice parameters. The highest phonon frequency of
1348 cm™! is at the I point.
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FIG. 4. Electronic band structures and DOS for BC14 carbon.
The calculations are performed using the HSEO6 method at equilib-
rium lattice parameters.

zone, no imaginary frequencies are observed, confirming the
dynamic stability of BC14 carbon.

The electronic band structures and density of states (DOS)
are calculated based on the hybrid density functional method
(HSEO06) [55]. As shown in Fig. 4, the conduction band mini-
mum (CBM) and valence band maximum (VBM) are located
along the I'-H direction, showing an insulator behavior with
an indirect band gap of 5.64 eV. This band gap is close to
the data for W-carbon (5.69 eV) [32,33] and even appreciably
larger than the gap (5.47 eV) for diamond. Therefore, BC14
carbon is expected to be optically transparent. Meanwhile,
from the projected density of states and band-decomposed
partial charge density distribution [see Fig. 1(d)], we can see
that the states near the CBM and VBM points mainly come
from the C, and C5 atoms.

As mentioned above, the calculated lattice parameters for
BC14 are in good agreement with the experimental lattice
data for an unidentified cubic carbon phase [35]. To further
establish the experimental connection of BC14 carbon, we
simulated the x-ray diffraction (XRD) spectra of BC14 carbon
as well as those for graphite, diamond, BC8, Rh6 polyben-
zene, cub-Cg, and FC22 pentadiamond [see Fig. 5(a)] and
compared the results with experimental XRD data of carbon
soot [49]. As shown in Fig. 5(b), the measured XRD spec-
tra reveal a considerable amount of amorphous carbon and
provide clear evidence for several crystalline phases in the
recovered specimen. The most distinct feature is a sharp peak
at 30°, which has been attributed to the Rh6 (101) diffraction
[15,70], and the small peak around 43.7°, matching that of
diamond (111) diffraction, indicates the presence of a small
amount of diamond. Meanwhile, a strong peak at 23° and a
small peak at 40° do not match any previously known car-
bon phases such as BCS8, cub-Cg, and FC22 pentadiamond.
Our simulated XRD results for BC14 carbon show that the
main BC14 (110) diffraction peak perfectly matches the un-
explained measured peak at 23°, and the small peak of BC14
(211) matches well the peak at 40° in measured XRD spectra.
These results suggest that BC14 carbon is a likely candi-
date for the carbon phase observed in the chimney carbon
soot [49].
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FIG. 5. (a) Simulated XRD patterns for graphite, diamond, BC8,
Rh6, cub-Cg, BC14 carbon, and FC22 pentadiamond. (b) Experimen-
tal XRD patterns for the chimney soot [49]. The x-ray wavelength is
1.5406 A with a copper source.

Besides this insulating BC14 pentadiamond phase in 72,3
(No. 199) symmetry, we have also predicted a metallic BC14
carbon structure in /43d (No. 220) symmetry. The lattice
parameters are estimated to be a = 5.570 A, occupying two
Wyckoff positions, 126 (0.8750, 0.0, 0.25) for C; and 16¢
(0.2152,0.2152,0.2152) for C,. The bond lengths between C;
and C, atoms are 1.507 A.Each C, atom has four C;-C, bonds
with bond angles of 107.51°-110.46° for ZC,-C;-C,; mean-
while, each C, atom has three C;-C, bonds with a bond angle
of 119.81° for £C;-C,-C|, showing an sp? + sp3-hybridized
network. However, it is energetically less stable than the
BC14 pentadiamond phase with an energy loss of 0.212 eV
per atom and dynamically unstable for larger imaginary fre-
quencies. As a result, the unfavorable sp?-type 16¢ C, atoms
divide into two sp*-type C, and C3 atoms to form the BC14
pentadiamond.

There are currently more than 500 carbon structures in all-
sp?, all-sp®, sp + sp?, sp+ sp’, and (sp* + sp>)-hybridized
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bonds registered to the Samara Carbon Allotrope Database
[71]. Also, 43 new superhard carbon phases were predicted
in a recent study [72]. Among these carbon allotropes, only
BCS8 [38-41], BC12 [36], and R16 carbon [50] are composed
of six-membered carbon rings in addition to diamond, but they
are energetically less stable than diamond due to the larger
bond distortions [36,50]. For example, there are two different
bond angles of 99.59° and 131.81° with a bond length of
1.574 A in all-sp® BC12 carbon [36]; meanwhile, R16 carbon
contains four distinct bond lengths of 1.457, 1.488, 1.569, and
1.748 A with a varying bond angle ranging from 100.13° to
120.68° [50]. The stability for these synthesized metastable
carbon structures can be understood by their kinetic barrier. A
larger kinetic barrier can slow down or prevent the phase
transition at room temperature, such as those found in the
diamondlike carbon [26,31,73], BCS8 silicon, and ST12 ger-
manium [74].

IV. SUMMARY

In summary, by combining a systematic structure search
process and ab initio calculations, we have identified a hard
carbon structure in bec (72;3) symmetry with an all-sp?
five-membered-ring bonding network. This truly full-fledged
pentadiamond phase is energetically more stable than previ-

ously reported BC8, BC12, and cub-Cg carbon phases and
is dynamically stable. Electronic band structure calculations
showed that it is an insulator with an indirect band gap of
5.64 eV, expected to be optically transparent like diamond.
Remarkably, this carbon phase possesses an extremely high
bulk modulus (386 GPa) and Vickers hardness (60 GPa) in
comparison to those of c-BN, presenting as a hard carbon ma-
terial. Moreover, the good match between the simulated and
measured x-ray diffraction patterns suggests that BC14 carbon
with five-membered rings as well as Rh6 polybenzene may
be present in chimney carbon soot [49]. The present results
establish distinct types of carbon phases and offer insight into
their outstanding structural and electronic properties.
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