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We identify by ab initio calculations a novel topological semimetal carbon phase in all-sp? bond-
ing networks with a 16-atom body-centered orthorhombic unit cell, termed bco-Ci6. Total-energy
calculations show that bco-Cis is comparable to solid fcc-Cgo in energetic stability, and phonon
and molecular dynamics simulations confirm its dynamical stability. This all-sp? carbon allotrope
can be regarded as a three-dimensional modification of graphite, and its simulated x-ray diffraction
(XRD) pattern matches well a previously unexplained diffraction peak in measured XRD spectra
of detonation and chimney soot, indicating its presence in the specimen. Electronic band struc-
ture calculations reveal that bco-Ci is a topological node-line semimetal with a single nodal ring.
These findings establish a novel carbon phase with intriguing structural and electronic properties of

fundamental significance and practical interest.

PACS numbers: 61.50.-f, 61.50.Ah, 71.15.Nc

Carbon is extremely versatile in its ability to form a
rich variety of allotropes with a wide range of fascinating
properties. It has long been known [1] that at ambient
conditions graphite is the thermodynamically most sta-
ble carbon allotrope and that many structural transfor-
mations and modifications of carbon structures in vari-
ous sp? and sp® bonding networks can be produced under
various pressure and temperature conditions. Under high
static pressure and high temperature conditions, graphite
can be converted to cubic diamond [2-6] or twinned cu-
bic diamond with {111} hexagonal-diamond-like stacking
faults [5, 6]; meanwhile, under cold static compression
graphite can transform to diamond-like sp3 carbon forms
[7-14]. Additional cubic modifications of carbon have
been produced during the heating of carbon soot or shock
compression of polycrystalline graphite [15-18], which led
to a proposed simple cubic carbon phase termed SC24 in
Pa3 symmetry [19] and a body-centered cubic carbon
phase termed BC12 in Ta3d symmetry [20]. Moreover, a
body-centered cubic carbon denoted BCS is suggested to
be the high-pressure modification of carbon derived from
cubic diamond under pressure of ~ 1100 GPa [21].

The discovery of fullerenes [22], nanotubes [23], and
graphene [24] has ignited tremendous interest in re-
cent years to explore additional carbon structures in all-
sp? bonding networks. Various hypothetical sp? car-
bon modifications [25-29] have been proposed, including
the hexagonal H6 carbon [26], fcc-Cag [27], ThSis-type
tetragonal bet4 carbon [28], and SrSie-type cubic K4 car-
bon [29]; most of them, however, are dynamically unsta-
ble due to the presence of twisted 7 states [30]. Recent
studies unveiled a new type of stable chiral framework
structures comprising 3-fold, 4-fold [30] and 6-fold [31]
helical chains in all-sp? bonding networks connected by

ethene-type planar w-conjugation. This discovery offers a
new strategy for finding viable all-sp? carbon structures
and helping solve yet unidentified carbon phases found
in carbon blacks, carbon soot and fullerene soot [32-38].

In this Letter, we identify by ab initio calculations
a new all-sp? carbon allotrope in Imma (D3}) sym-
metry. This new carbon phase has a 16-atom body-
centered orthorhombic unit cell, thus termed bco-Cyg,
and it can be regarded as a three-dimensional modifi-
cation of graphite, consisting of benzene linear chains
connected by ethene-type planar m-conjugation. Total-
energy calculations show that bco-Ci¢ is comparable to
solid fce-Cgo in energetic stability, and its dynamic sta-
bility is verified by phonon and molecular dynamics sim-
ulations. An excellent match of simulated and measured
x-ray diffraction spectra indicates the presence of bco-
Ci6 in detonation and chimney soot [36-38]. Electronic
band structure calculations show that bco-Cig belongs
to a new class of topological node-line semimetals, which
exhibit novel electronic and transport properties [39-48].

The total-energy and phonon calculations were carried
out using the density functional theory as implemented
in the Vienna ab initio simulation package (VASP) [49].
The generalized gradient approximation (GGA) devel-
oped by Armiento-Mattsson (AMO05) [50] was adopted for
the exchange-correlation potential. The all-electron pro-
jector augmented wave (PAW) method [51] was adopted
with 2s522p? treated as valence electrons. A plane-wave
basis set with a large energy cutoff of 800 eV was used.
Forces on the ions were calculated using the Hellmann-
Feynman theorem with a full geometry optimization.
The energy minimization was done over the atomic and
electronic degrees of freedom using the conjugate gradi-
ent iterative technique. Convergence criteria employed



for both the electronic self-consistent relaxation and the
ionic relaxation were set to 1078 eV and 0.01 eV /A for en-
ergy and force, respectively. Electronic band structures
were calculated using the Heyd-Scuseria-Ernzerhof hy-
brid functional (HSE06) [52]. Phonon calculations were
performed using the phonopy package [53].

For three-dimensional chiral crystalline modification of
carbon in all-sp? bonding networks, the structures with
matching helical chains of complementary chirality are
energetically more favorable than structures with helical
chains of same chirality [30]. Based on this concept, we
here build up a more favorable bco-C14 carbon structure
with complementary chirality in correspond to the rh6
carbon with same 6-fold helices [31]. This new helical
structure can be derived from an eight-atom (2x2x1)
hexagonal graphene lattice with one C-C bond breaking,
obeying the Wells’s approach [54]. As a result, the conju-
gated helical chains in bco-Cig carbon are connected to
each other to form benzene linear chains [see Fig. 1(a)]
in contrast to the benzene rings in rh6 carbon [31].

We first characterize the crystal structure of bco-Cyg,
which has the lattice parameters a = 7.8061 A, b =
4.8772 A, ¢ = 3.2372 A with the carbon atoms occu-
pying two nonequivalent atomic Wyckoff positions of 8i
(0.3231, 0.25, 0.1258) and 8f (0.0885, 0.5, 0.5), denoted
by C; and Ca, respectively, as shown in Fig. 1(a). This
structure topologically corresponds to a two-dimensional
(2v/3 x 2) graphene-like lattice with one-third double
and two-thirds single carbon-carbon bonds. Therefore, it
also can be regarded as a three-dimensional modification
of graphite in AA stacking consisting of benzene linear
chains connected by ethene-type planar w-conjugation.
However, in contrast to the uniform bond length of 1.42
A in graphite, there are three distinct carbon-carbon
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FIG. 1: (color online). Structure of bco-Cis and its phonon
dispersion. (a) Top and side view of the all-sp? bco-Cie in

Imma (D3) symmetry with one-third double (dz2, d3) and
two-thirds single (d1) carbon-carbon bonds. It has a 16-atom
body-centered orthorhombic structure with lattice parame-
ters a = 7.8061 A, b = 4.8772 A, ¢ = 3.2372 A, occupying the
8¢ (0.3231, 0.25, 0.1258) and 8f (0.0885, 0.5, 0.5) Wyckoff
positions, denoted by C1 and C2, respectively. (b) Calculated
phonon dispersion curves of bco-Ci¢ at zero pressure.
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FIG. 2: (color online). Calculated energy versus volume per
atom for bco-Ci¢ compared to graphite, fcc-Cego, cR6, cTS8,
and rh6 carbon in all-sp?, oC8 in mixed sp?-sp®, and diamond
in all-sp® bonding networks. The dashed line indicates the
energy level of carbyne chain.

bond lengths, a longer bond of 1.459 A (d;) associated
with a butadiene-type Ci(sp?)—Ca(sp?) single bond and
two shorter bonds of 1.396 A (dy) and 1.382 A (d3) as-
sociated with ethene-type planar Cj(sp?)=C;(sp?) and
Ca(sp?)=Ca(sp?) double bonds, respectively. There are
also three different bond angles, /C,=C;—Cs = 123.19°
out of the benzene rings, /Cy;—C1—Cy = 113.38° and
/C1—Cy=Cy = 118.23° in the benzene rings.

Figure 2 shows the calculated total energy versus vol-
ume per atom for bco-Cig compared to other carbon
phases, including graphite, solid fcc-Cgo fullerene [32],
and the recently reported chiral framework structures
cR6, ¢T8 [30] and rh6 carbon [31] in all-sp? bonding net-
works. Also shown for comparison are the results for dia-
mond in an all-sp® bonding network and oC8 carbon in a
mixed sp2-sp® bonding network [14, 20]. Key calculated
data are listed in Table I. It is seen that the energetic
stability of bco-Cig is comparable to that of fcc-Cgg and
oC8 carbon, and more favorable than those of the cR6,
c¢T8, and rh6 carbon phases comprising 3,4,6-fold helical
carbon chains [30, 31]. The equilibrium volume of bco-
Ci is 7.7 A? per atom, placing it between graphite and
diamond. These energetic and volume data suggest pos-
sible synthesis of bco-Cyg by compression of graphite. In
fact, oC8 carbon, as a denser form of bco-Cyg, has been
found in the graphite-to-diamond phase conversion pro-
cess [14], which is even more stable than graphite above
65 GPa (see Supplemental Material [55], Fig. S1).

We have performed a series of calculations to assess
the mechanical stability of bco-Ci4. We first calculated
its elastic constants, and the obtained Cii, Cso, Csg,
C44, C55, 0667 012, 013, and 023 are 750, 877, 120, 805,
96.6, 336, 230, 141, and 37 GPa, respectively. These val-
ues meet the criteria for mechanical stability given by
Ci1, Ca2, Cs3, Cua, Css, and Cgs > 0, [C11 + Coo +



TABLE I: Calculated equilibrium structural parameters (space group, volume Vo, lattice parameters a, b, and ¢, bond lengths
dc—c), total energy Eiot, bulk modulus By, and electronic band gap Eg4 for bco-Cis along with c¢R6, ¢T8, rh6, oC8 carbon,
graphite, and diamond at zero pressure, compared to available experimental data [56].

Structure Method  Vy(A3/atom) a (A) b (A) ¢ (A) de—c (A) Eiot (eV) Bo (GPa) E, (eV)
Diamond (Fd3m) AMO5 5.60 3.552 1.538 -9.018 451 5.36
Exp[56]  5.67 3.567 1.544 446 5.47
cR6 (R3m) AMO5[30] 8.78 7.122 3.597 1.352, 1.490 -8.502 268 2.95
T8 (I41/amd) AMO5[30] 8.40 5.937 3.808 1.351, 1.488 -8.551 283 2.41
th6 (R3m) AMO5[31] 7.96 6.902 3.470 1.359, 1.483 -8.550 299 0.47
oC8 (Cmmm) AMO5 6.49 7.789 2.500 2.665 1.346~1.632 -8.663 378
bco-Ci6 (Imma) AMO5 7.70 7.806 4.877 3.237 1.382~1.459 -8.671 315
Graphite (P63/mmc) AMO05 8.81 2.462 6.710 1.422 -9.045 280
Exp[56] 8.78 2.460 6.704  1.420 286

Csz + 2(012 + Ci3 + Cz3)]> 0, (Cll + Coz - 2Cq2) >
0, (C11 + Css - 2Cq3) > 0, and (022 + Cs3 - 2Ca3) >
0 for orthorhombic phase [57]. We also calculated the
phonon dispersion of bco-Cig, and the obtained results
[see Fig. 1(b)] show no imaginary frequency in the entire
Brillouin zone, confirming its dynamical stability. The
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FIG. 3: (color online). X-ray diffraction (XRD) patterns.
(a) Simulated XRD patterns for graphite, diamond, rh6, cT8,
cR6, fce-Ceso, and bco-Cie. (b) Experimental XRD patterns
for detonation soot of TNT/diesel oil [36] and chimney soot
[37]. X-ray wavelength is 1.5406 A with a copper source.

highest phonon frequency is located at the X point with
a value of ~1571 cm™!, which is lower than but close
to ~1600 cm~! for graphite [58]. To further examine
its thermal stability, ab initio molecular dynamics simu-
lations were performed using a 2x2x2 supercell. After
being heated at room temperature (300 K) and then 1000
K for 3 ps with a time step of 1 fs, no structural changes
occurred. These results show that bco-Cig is a viable
carbon allotrope for experimental synthesis.

To establish the experimental connection of bco-Cig,
we compare its simulated x-ray diffraction (XRD) spec-
tra, along with those of graphite, diamond, rh6, cTS,
cR6, fcc-Cgp, to the experimental data from detonation
soot of TNT/diesel oil [36] and chimney soot [37] as
shown in Fig. 3. The measured XRD spectra reveal
a considerable amount of amorphous carbon and provide
clear evidence for several crystalline phases in the recov-
ered specimen. The prominent peak around 26.5° is at-
tributed to the graphite (002) diffraction, and the weak
peak around 43.7°, matching that of the diamond (111)
diffraction, indicates the presence of a small amount of
cubic diamond. The most distinct feature of the mea-
sured XRD spectra is a strong peak at 30° that does not
match any previously known carbon phases [36-38]; the
high intensity and sharpness of this peak along with its
consistent presence in different experiments suggest that
a new crystalline carbon phase has been produced. Our
simulated XRD results show that the main (101) diffrac-
tion peak of bco-Cig perfectly matches this previously
unexplained peak. It is noted that the main peak of rh6
carbon is also close to 30° because it also comprises 6-fold
helices (or benzene rings) [31], but bco-Cyg is energeti-
cally more stable with a substantial energy gain of 0.12
eV per carbon atom (see Fig. 2) due to its complemen-
tary chirality as mentioned above. These structural and
energetic results suggest that bco-Cig is a likely candi-
date of the intriguing new carbon phase observed in the
detonation and chimney soot [36-38].

Finally, we discuss the electronic properties of the new
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FIG. 4: (color online). Calculated bulk and surface band
structures of bco-Ci¢ at equilibrium lattice parameters. (a)
The bulk band structure along several high-symmetry direc-
tions. Gi and Gg indicate the irreducible representation of
the two crossing bands, respectively. (b) The Brillouin zone
with several high-symmetry momenta indicated. The nodal
ring (red circle), formed by the band crossing points, is in the
shaded mirror plane. (c) and (d) show the surface states for
different zigzag-like (c) and beard-like (d) terminations of the
(100) surface. The surface flat band (red line) can be outside
or inside the surface projected nodal ring.

bco-Cyg carbon. Our calculated results [Fig. 4(a)] show
that the valence and conduction bands of bco-C1¢g exhibit
linear dispersion near the Fermi energy and cross at the
Fermi level, and further analysis of the band structure in
the full Brillouin zone indicates that the band crossing
points (or nodal points) of the valence and conduction
bands in bco-Cig form a continuous nodal ring inside
a mirror plane [the shaded region in Fig. 4(b)]. More-
over, the states near the crossing points around the nodal
ring are formed by the inversion of the valence and con-
duction bands and protected by the coexistence of the
time-reversal and inversion symmetry. These electronic
properties characterize bco-Cig as a topological node-line
semimetal [39-48]. When the nodal ring is projected onto
the (100) surface, it produces topologically protected sur-
face flat bands either inside or outside of the ring, de-
pending on the termination of the surface, as shown in
Fig. 4(c,d). These flat bands can be detected by pho-
toelectron spectroscopy. The spin-orbit coupling (SOC)
may open up a gap at the band crossing points, but the
SOC in bco-Cyg, estimated to be 0.74 meV, is negligi-
bly weak at all but extremely low temperatures, thus not
expected to alter the semimetal phase.

In summary, we have identified by means of ab ini-
tio calculations a new body-centered orthorhombic car-
bon structure in Imma (D33) symmetry in all-sp? bond-
ing networks. The structural stability of this bco-Cig
phase is verified by phonon mode analysis and ab initio

molecular dynamics simulations. Electronic band struc-
ture calculations reveal that it is a topological node-line
semimetal [39-42] and its low-energy bulk bands with lin-
ear dispersion and the flat surface bands are expected to
produce unique transport properties and strong correla-
tion physics [43-48]. Our findings should facilitate fur-
ther exploration of this class of intriguing materials. The
excellent match between the simulated and measured x-
ray diffraction patterns suggest the presence of boc-Cig
phase in detonation and chimney soot [36-38], which is
mixed with other carbon phases. A major challenge is to
find a route toward more effective synthesis of bco-Cig
for more detailed studies. Similar challenges have been
encountered and overcome in the early stages of research
of other novel carbon phases, such as fullerenes, nan-
otubes and graphene. The structural identification and
characterization of bco-Cig reported in the present work
provide crucial knowledge for fundamental understand-
ing and further exploration of this new carbon allotrope.
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