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By means of ab initio computations and the global minimum structure search method, we have
investigated structural, mechanical, and electronic properties of D-carbon, a crystalline orthorhombic
sp3 carbon allotrope (space group Pmma [D2h

5] with 6 atoms per cell). Total-energy calculations
demonstrate that D-carbon is energetically more favorable than the previously proposed T6 structure
(with 6 atoms per cell) as well as many others. This novel phase is dynamically, mechanically,
and thermally stable at zero pressure and more stable than graphite beyond 63.7 GPa. D-carbon
is a semiconductor with a bandgap of 4.33 eV, less than diamond’s gap (5.47 eV). The simulated
X-ray diffraction pattern is in satisfactory agreement with previous experimental data in chimney
or detonation soot, suggesting its possible presence in the specimen. Published by AIP Publishing.
https://doi.org/10.1063/1.5037380

I. INTRODUCTION

Carbon is an amazing and versatile element: not only
because it is significant and an essential element required for
all life processes but also due to its rich physical and chemical
properties. Samara Carbon Allotrope Database (SACADA)1,2

already indexed more than 500 hypothetical carbon structures,
and this number is growing fast. The discovery of fullerenes,3

nanotubes,4 and graphene5 has motivated tremendous inter-
est in recent years to explore newly carbon structures in
sp3-, sp2-, and sp-hybridized bonding networks. These syn-
thesized carbon allotropes give rise to enormous scientific and
technological impacts on natural science, leading to many
applications in different fields such as protective coatings,
gas sensing, energy storage systems, and solar cells.6,7 On
the other hand, to guide the experimental synthesis of new
carbon allotropes, highly accurate theoretical predictions are
indispensable in the search of new carbon forms. To our knowl-
edge, various hypothetical carbon modifications have been
proposed theoretically, including the Cco C8,8 bco C16,9 bcc
C8,10 T-carbon,11 T6-, and T14-carbon.12 Several predicted
allotropes, i.e., monoclinic bct C4,13 and M-carbon14 were
also reported to simulate the synthesized phase. Until recently,
there are still other experimental and theoretical efforts made
on new carbon materials (i.e., V carbon,15 3D-pentagon car-
bon,16 and compressed glassy carbon17). All of the above
gives a reason to name the modern time as “the era of carbon
allotropes.”18

In this work, on the basis of the first-principles calcula-
tions, we present a theoretical investigation of the structural,
mechanical, and electronic properties of the novel carbon
allotrope, D-carbon [with the jbw topology, the topology
naming is based on the reticular chemistry structure resource
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(RCSR) database19 and database of zeolite structures20]. This
novel topology structure was also mentioned by Deringer
et al.21 and independently re-discovered in the present work
using the structure optimization algorithm. D-carbon can
be described as a mixture of dia and sra nets as we
will discuss later. The calculated results demonstrate that
D-carbon is dynamically stable and with a lower energy than
some previously reported modifications (i.e., C20,22 T6,12 and
T-carbon11). A satisfactory match of the simulated and mea-
sured X-ray diffraction pattern indicates the possible presence
of D-carbon in chimney or detonation soot.

II. METHOD AND COMPUTATIONAL DETAILS

The first-principles calculations were based on density
functional theory with the generalized gradient approxima-
tion (GGA) in the form of the Perdew-Burke-Ernzerhof (PBE)
function for the exchange-correlation potential.23 All calcula-
tions were performed using the Vienna ab initio Simulation
Package (VASP).24 The energy cutoff of the plane wave was
set to 650 eV, and the precision of energy convergence was
10−5 eV.25,26 The atomic positions were fully relaxed until
the maximum force on each atom was less than 10−3 eV/Å.
For a carbon atom, 2s22p2 electrons were considered as the
valence electrons. The Brillouin zone was sampled with a
10 × 7 × 6 Monkhorst-Pack k-point grid for geometry opti-
mization. Phonon dispersions and density of states (DOS) were
performed in the Phonopy package27 interfaced with the den-
sity functional perturbation theory (DFPT),28 as performed in
VASP. For accurate bandgap estimations, we employed the
hybrid functional approach (HSE06).29 The search of stable
carbon systems, with six atoms/cell, is also performed using
the structure particle swarm optimization (PSO) algorithms, as
implemented in the CALYPSO package.30,31 First-principles
finite temperature molecular dynamics (MD) simulations were
performed to further examine the stability of the structure by
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using time steps of 1 fs in 3 × 3 × 3 super-cells containing 162
atoms/cell.

III. RESULTS AND DISCUSSION

We have performed structure prediction using the PSO
methodology for carbon containing six atoms in the simu-
lation cell at 0 K. Besides the well-known graphene,5 T6,12

and T12
32 carbon, our simulations also revealed the jbw phase

which we call D-carbon. Here, we focus our discussion in this
work on only this phase (D-carbon), leaving a detailed analy-
sis of all other predicted metastable structures to a follow-up
study.

Figure 1 displays the optimized structural model of
D-carbon. This structure has an orthorhombic primitive cell
containing six C atoms, with a highly symmetric space group
Pmma (D2h

5, 51). Structurally, this novel four-connected net is
also familiar in several typical jbw-type zeolites.33,34 At zero
pressure, the relaxed bond lengths of C–C are 1.60 and 1.54 Å,
respectively. Figure 2 shows the calculated total energy versus
volume and relative enthalpy for D-carbon compared to other
previously proposed carbon phases. We note that D-carbon is
not only more stable than some theoretically predicted car-
bon modifications (i.e., T6 and bcc C8), but also energetically
more favorable than several experimentally realized carbon
modifications (i.e., C20 fullerene and T-carbon), implying that
the D-carbon could be synthesized. To further evaluate the
relative stability of this phase, we also calculated its cohesive
energy Ecoh = [6EC −Etotal]/6, where Etotal and EC are the total
energy of D-carbon and a single C atom, respectively. As listed

FIG. 1. Crystal structure of D-carbon: (a) perspective view and [(b)–(d)] view
along the c, a, and b axis, respectively. At zero pressure, the lattice parameters
of D-carbon are a = 2.52 Å, b = 3.91 Å, and c = 3.81 Å, occupying the 2e
(0.25, 0.00, 0.89) and 4k (0.75, 0.71, 0.38) Wyckoff positions, respectively.
The unit cell is marked by the blue line, and carbon atoms are plotted with
black balls.

FIG. 2. (a) Calculated energy versus volume per atom for the D-carbon struc-
ture compared to graphite, diamond, bct C4, Cco C8, T6, T14, bco C16, bcc
C8, M-carbon, and T-carbon. The dashed line indicates the energy level of
C20 fullerene.22 (b) Calculated relative enthalpies of D-carbon, diamond, bct
C4, Cco C8, T6, T14, bco C16, bcc C8, M-carbon, and T-carbon with respect
to graphite. To highlight the relative stability of D-carbon at high pressure
(>50 GPa), we only considered T6, T14, bcc C8, diamond, and D-carbon with
respect to graphite, as shown in Fig. 2(b), right panel.

in Table S1, the calculated cohesive energy (7.48 eV/atom),
apparently higher than previously proposed T-carbon
(6.573 eV/atom11,35), suggests that D-carbon is a strongly
bonding network. We have also compared the relative energy
of D-carbon with others known as carbon allotropes with a
6-atom unit cell (Table S2). As can be seen from Table S2,
D-carbon is more stable than many 6-atom structures, includ-
ing tfi, dmd, and others.

Significantly, with the increase of the pressure, the
D-carbon becomes preferable to graphite above 63.7 GPa,
which is more stable than earlier theoretical T6 and T14

structures at this pressure [see Fig. 2(b)]. Furthermore, the
phonon spectrum and phonon DOS indicate that D-carbon
is dynamically stable, both at zero pressure and high pres-
sure (see Fig. S1). Therefore, once synthesized, D-carbon
should be quenchable as a metastable phase to ambient pres-
sure and low temperatures. The highest phonon frequency is
located at the Γ point with a value of ≈1333 cm−1, which
is lower than graphite (≈1600 cm−1), but close to graphite
at 63.7 GPa. The thermal stability of D-carbon was also
confirmed by analyzing the backbone root-mean-square devi-
ation (RMSD) from the starting crystal configuration over
the process of the trajectory. It is evident that the RMSD
levels off to ≈3.7 Å at 1000 K, indicating that the geomet-
ric configuration is expected to be remarkably stable (see
Fig. S1).
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D-carbon has nine independent elastic constants Cij; for
a stable orthorhombic structure, its corresponding elastic con-
stants Cij should satisfy the following elastic stability criteria:
C11, C22, C33, C44, C55, and C66 > 0, [C11 + C22 + C33 + 2(C12

+ C13 + C23)] > 0, [C11 + C22 − 2C12] > 0, [C11 + C33 − 2C13]
> 0, and [C22 + C33 − 2C23] > 0 for the orthorhombic phase.9

The calculated elastic constants C11, C22, C33, C44, C55, C66,
C12, C13, and C23 are 1036, 737, 867, 290, 371, 415, 48, 59,
and 236 GPa, respectively. Distinctly, the calculated elastic
constants meet this criterion, indicating that it is mechanically
stable. The density of D-carbon is 3.20 g/cm3, which is compa-
rable to that of bct C4 (3.32 g/cm3), but drastically higher than
T-carbon (1.50 g/cm3) (see Table S1). Vickers hardness (Hν)
of D-carbon is 86.58 GPa, which is calculated by the empir-
ical formula Hν (GPa) = 350[(Ne2/3)e−1.191fi]/d2.5,36 where
Ne is the electron density of the number of valence electrons
per cubic angstroms, d is the bond length, and fi is the ion-
icity of the chemical bond in a crystal scaled by Phillips.37

The calculated Vickers hardness of diamond in this work is
92.49 GPa, closing to the previously theoretical (93.6 GPa)
and experimental value (96 ± 5 GPa) (see Table S1). However,
this model and similar models38 have been shown to overesti-
mate the hardness of materials such as T-carbon,39 especially
when the material is anisotropic. Therefore, to consider the
anisotropy of D-carbon (vide infra), we also use different hard-
ness models based on the elastic moduli, i.e., Teter,40 Chen
et al.,41 and Tian et al.42 All of these methods have
been applied to many carbon allotropes successfully. The
calculated hardness values of D-carbon are 54.4 GPa,
57.8 GPa, and 57.7 GPa, using the Teter, Chen et al., and Tian
et al. methods, respectively. For comparison, the hardness val-
ues of diamond are 80.6 GPa, 95.3 GPa, and 97.3 GPa using

the same models. Therefore, the elastic moduli based hardness
methods demonstrate that D-carbon is significantly softer than
diamond. According to the generally accepted convention,
superhard materials are considered to have a Hν exceeding
40 GPa;43 therefore, D-carbon can be regarded as a superhard
material.

Stress-strain curves for D-carbon under various strains are
shown in Fig. 3(a). The ideal strength of D-carbon is strongly
anisotropic. Interestingly, tensile stress-strain curves along
[010], [100], and [011] show a plastic deformation relation,
which is consistent with the ductility of D-carbon compared
with diamond. D-carbon with [101] orientation presents the
largest ideal strength of 133 GPa, and critical strain reaches to
0.21. However, with the [011] direction, D-carbon shows the
smallest ideal strength and critical strain (73 GPa and 0.16),
giving rise to the (001) easy cleavage planes. In the (101) lat-
tice plane, its pure shear stress along the [100] direction has
the highest peak value (122 GPa), which is moderately lower
than the (111)-[1̄1̄2] direction of diamond (140 GPa),44 but
still obviously higher than the (100)- 〈001〉 slip orientation of
T-carbon (7.3 GPa),39 while the [01̄0] direction has the lowest
peak value (82 GPa). Under indentation shear deformation,
the stress response is almost identical to that under pure shear
deformation, but pure shear strain causes greatly enhanced
stiffness.

Figure 4(a) shows the orbitally resolved band structure
of D-carbon. It is insulating with an indirect bandgap. The
PBE bandgap is 3.15 eV. The HSE correction does not change
the band structure qualitatively, but increases the bandgap to
4.33 eV (see Fig. S2), which is smaller than diamond. The
results demonstrate that the valence band maximum (VBM)
of D-carbon is contributed by C2px states, while the conduction

FIG. 3. (a) Calculated stress responses
under pure tensile (left), pure shear
(center), and indentation shear (right)
strains along various high-symmetry
directions, respectively. (b) The struc-
tural snapshots at different key points
after the large deformation of stress on
each stress-strain curve under pure ten-
sile, pure shear, or indentation shear
strains.
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FIG. 4. (a) Electronic band structure of D-carbon decomposed with respect
to the Cs, Cpx , Cpy, and Cpz orbitals calculated by the PBE functional.
(b) Calculated ELF of D-carbon at 0 GPa. The isosurface value is set as
0.75.

band minimum (CBM) is mainly contributed by C2pz states.
There is an obvious orbital hybridization between C2s and C2p

states below the Fermi level. To investigate the bonding state
between the C–C atoms, we calculated its electron localization
function (ELF). From Fig. 4(b), the D-carbon is an all-sp3

carbon modification with all electrons well localized between
the C–C atoms forming the σ bonds.

To further establish the experimental connection of our
proposed structure, we have simulated the X-ray diffraction
(XRD) patterns to compare with the experimental data (Fig. 5).
Different from diamond where the peaks of (111) at 44◦ are
observed, for D-carbon, the peaks at 22.7◦, 23.3◦, 32.8◦, and
43.1◦ are clearly visible. For chimney or detonation soot, the
most distinct feature of the experimental measured XRD spec-
tra is the peak around 23◦ that does not match any previously
known carbon phases.45,46 Our simulated XRD results show
that the diffraction peaks of D-carbon satisfactorily match the
previously unexplained peak, even though the peaks are broad.
Within a reasonable range of the error between theoretical cal-
culation and experimental measurement (i.e., the presence of
stress), it must be pointed out that our calculated data still
match well with the experimental results in the chimney or det-
onation soot (i.e., the peaks around 23◦, 43.5◦, 66◦, and 83◦)
compared with previous work.47 These results suggest that
D-carbon is a possible candidate of the carbon phase observed
in the chimney or detonation soot.

The simulated Raman and Infrared (IR) vibrational modes
with corresponding frequencies are presented in Fig. S3.
The Raman and IR spectra exhibit distinguishing lines at
1075 cm−1 and 1239 cm−1, respectively. These attainable

FIG. 5. The simulated XRD patterns of diamond, bct C4, T-carbon, and
D-carbon are compared with experimental data. The experimental XRD pat-
terns are from Refs. 45 and 46. The used X-ray wavelength is 1.54 Å, as
employed in the experiment.46

features may be helpful for identifying the D-carbon exper-
imentally. We also suggest a plausible reaction route for the
D-carbon structure by using polyethylene chains via dehy-
drogenation and assembly, as shown in Fig. S4. Although
the real experimental environment is extremely complex, but
to some degree, we can still provide some theoretical guid-
ance to the experimental synthesis.16,48 Given the energetic
favorability and high dynamic stability of D-carbon and in
consideration of the rapid development in experimental tech-
niques which have synthesized some novel carbon allotropes
recently,15,49 we expect that D-carbon could be fabricated
experimentally.

Next, we decomposed D-carbon with the jbw topology
into building units to find the relation between the D-carbon
and other three-periodic carbon allotropes from the SACADA
database. Decomposition was carried out by means of the algo-
rithm of searching for the natural tiling50 that is implemented
in the ToposPro51 program package. The 3dt52 program was
used for the visualisation of the building units and way of its
assembling. As has been previously shown, the tiling approach
can be useful to predict as well as classify and compare
allotropes.53

The jbw net is constructed from two types of build-
ing units in a one-to-one ratio, adamantane cage 46 (which
formed by a four six-member ring) of diamond [Fig. 6(a)],
and 42.62.82 cage [Fig. 6(e)] of the sra net. The 42.62.82

cage can be considered as the extended 46 adamantane cage.
Due to the close geometry and topology of the building
units, diamond and sra nets have the same way of self-
assembling (Fig. 6). The building blocks are connecting to
each other through common 6- [Fig. 6(b)] and 8-membered
rings [Fig. 6(f)], respectively, forming one-periodic chains.
The chains are joined in two-periodic layers by means of a
common zigzag-like simply connected [Fig. 6(c)] and lad-
der [Fig. 6(g)] chain. Finally, the nets are assembling from
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FIG. 6. The building schemes of dia-
mond [(a)–(d)] and sra [(e)–(h)] nets.

FIG. 7. The assembling schemes of
jbw (a), mbc-4,4-Imma (b), and 43T190
(c) nets from diamond (aquamarine) and
sra (violet) layers.

the layers through common 6-membered rings [Figs. 6(d) and
6(h)].

In both cases, the external surface of the dia and sra layers
is a distorted graphene-like surface. Consequently, the layers
are complementary and can be used to construct new nets.
Theoretically an infinite number of topologically inequivalent
nets can be obtained by means of various combinations of
the layers. However, only a few of such nets (Fig. 7) were
reported as possible carbon allotropes: jbw, mbc-4,4-Imma,
and 43T190.

All these allotropes are hybrids of diamond and car-
bon structures with the sra topology, which was first
reported as 8-tetra(3,3) tubulane. In this way, the allotropes
should have intermediate properties between diamond and
8-tetra(3,3)tubulane (Table S3). The structure of the diamond
has the lowest energy and the higher density in comparison
with the structure of the 8-tetra(3,3)tubulane. As a result, the
increase of the amount of diamond layers in the structures
decreases energy and increases the density (Table S3) of the
allotropes.

IV. CONCLUSIONS

In summary, the D-carbon, an orthorhombic sp3 bonded
structure with the jbw topology, was studied theoretically
using the first-principles calculations. This structure is ener-
getically more stable than several previously proposed sp3

carbon allotropes with 6 atoms/cell. The results in this work
indicate that D-carbon is another potential modification of
the metastable sp3 carbon system. These results provide deep

insight into the physical properties of D-carbon with an
unusual structural motif and high dynamic stability, but also
promote further investigations on the novel carbon allotropes
with desirable electronic and mechanical properties.

SUPPLEMENTARY MATERIAL

See supplementary material for the details of structural
parameter, phonon dispersion curves, MD result, HSE06 band
structure, Raman, and IR spectra of the D-carbon.
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