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Topological semimetal in an sp2-sp3 hybridized carbon network with nodal rings
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There have been several proposals that three-dimensional allotropes of carbon formed by graphene networks
can support two types of topological nodal line semimetals: type A has closed nodal rings inside the first
Brillouin zone (BZ), and type B has nodal lines traversing the whole BZ to be periodically connected. Among
these proposals, it has been found that nearly all-sp2 hybridized allotropes tend to hold A-type closed nodal
rings, while the sp2-sp3 hybridized allotropes tend to hold B-type periodic nodal lines. Here we identify by
ab initio calculations an sp2-sp3 hybridized carbon allotrope in Pcca (D8

2h) symmetry as a topological nodal
line semimetal with two A-type closed nodal rings on the ky = 0 and ky = π mirror planes, respectively.
The projections of these two nodal rings onto (010) surfaces form concentric ellipses with different size. The
drumhead surface states appear in the region enclosed by the bigger ring but disappear inside of the smaller ring.
This is consistent with the distribution of the Berry phase calculated along the [010] periodic reciprocal lattice.
An effective k·p model has been proposed, and the parameters have been obtained through fitting the ab initio
results. The model can reproduce the nodal rings in the shape of an ellipse, satisfying the twofold rotational
symmetry. Meanwhile, the simulated x-ray diffraction spectrum matches well with the recently reported distinct
diffraction peaks found in the diamond-rich coatings on stainless steel substrate. These results establish a carbon
phase with intriguing structural and electronic properties and expand our understandings about topological nodal
lines in carbon networks.
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I. INTRODUCTION

Topological semimetals have attracted great interest for
their interesting physics and promising device applications
[1,2]. Topological semimetals can be classified into Dirac
[3,4] and Weyl [5,6] semimetals with isolated Dirac and
Weyl nodes, or nodal line semimetals [7–22] with continuous
line of nodes in the first Brillouin zone (BZ). A class of
three-dimensional (3D) carbon allotropes has been reported
holding topological nodal lines [22–35]. Generally, there
are two types of nodal lines in the first BZ [23]: type A
has a closed nodal ring inside the first BZ, and type B has
nodal lines extending the first BZ. Among these proposals,
usually all sp2 hybridized carbon allotropes tend to hold
A-type nodal rings such as Mackay-Terrones carbon crystal
(MTC) [22], body-centered orthorhombic C16 (bco-C16)
[25], body-centered tetragonal C16 (bct-C16) [26], and base-
centered orthorhombic ors-C16 [30]; while sp2-sp3 hybridized
carbon allotropes tend to hold B-type nodal lines such as
interpenetrated graphene network C6 (ign-C6) [27], simple
orthorhombic C12 (so-C12) [28], and orthorhombic C24 (oC24)
[29]. These facts indicate that the configuration of nodal lines
in 3D carbon network structures might be determined by the
bonding types. However, very recently a new hexagonal series
of topological nodal line carbon phases was proposed for
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all-sp2 hybridized networks but holding B-type paired nodal
lines on the edge of the first BZ rather than A-type closed
nodal rings [34], which is well explained based on topological
quantum chemistry theory [36] or symmetry-based indicator
theory [37–39]. This finding suggests that bonding types do
not play an essential role in determining the type of nodal
lines, and the A-type closed nodal rings may also exist in
sp2-sp3 hybridized carbon structures.

In this paper, to answer the question we report by ab
initio calculations an sp2-sp3 hybridized carbon phase in Pcca
(D8

2h) symmetry that has a 16-atom orthorhombic primitive-
unit cell, thus called oP16 carbon. This carbon allotrope is
identified through a systematic structure search process as
well as R16 carbon [40] and is energetically more stable
than the previously predicted and synthesized R16 [40] and
BC8 [41–44] carbon phases. Its dynamical stability has been
confirmed with phonon spectrum calculations. The simulated
x-ray diffraction pattern matches well with the recently re-
ported distinct diffraction peaks found in the diamond-rich
coatings on stainless steel substrate [45], suggesting a viable
experimental synthesis route. Electronic band structures show
that oP16 carbon is a candidate of a topological nodal line
semimetal protected by inversion (P) and time-reversal (T )
symmetry. Unlike the previously reported sp2-sp3 hybridized
carbon allotropes [27–29], oP16 carbon holds two A-type
closed nodal rings on the ky = 0 and ky = π mirror planes.
Moreover, when the two nodal rings are projected onto the
(010) surface, a nearly flat topologically nontrivial surface
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FIG. 1. The top (a) and side (b) view of oP16 carbon. It has a 16-
atom orthorhombic primitive-unit cell in Pcca (D8

2h) symmetry with
the lattice parameters a = 4.6464 Å, b=4.2766 Å, and c = 5.1325 Å,
occupying the two 8 f Wyckoff positions of (0.3799, 0.5812, 0.5311)
and (0.0936, 0.9189, 0.1087), denoted by C1 (red) and C2 (black),
while C1 atoms are in sp2 sites and C2 atoms are in sp3 sites.

state can be found between two projected �-centered concen-
tric nodal rings. This distinct topological nodal line semimetal
can be systematically understood from the low anisotropy of
its first BZ and the symmetry-based indicator theory [37–39].

II. COMPUTATIONAL METHODS

Our ab initio calculations are carried out using density
functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP) [46]. The generalized gradi-
ent approximation (GGA) developed by Armiento-Mattsson
(AM05) [47] is adopted for the exchange-correlation po-
tential. The all-electron projector augmented wave (PAW)
method [48] is used which treats the 2s22p2 electrons as
valence electrons. A plane-wave basis set with an energy
cutoff of 800 eV is adopted. Forces on the ions are cal-
culated using the Hellmann-Feynman theorem with a full
geometry optimization. The convergence criteria for electron
self-consistent relaxation is 10−8 eV and the ionic relaxation
is 0.001 eV/Å. The electronic band structures are calculated
using a hybrid density functional based on the Heyd-Scuseria-
Ernzerhof scheme (HSE06) [49]. To further explore the topo-
logical electronic properties of oP16 carbon, we establish a
tight-binding (TB) model using maximally localized Wannier
functions (MLWFs) [50,51] for carbon pz orbitals and calcu-
late the Berry phase with the WANNIER TOOLS package [52].
Phonon band structures are calculated with PHONOPY package
[53].

III. RESULTS AND DISCUSSION

We first characterize the structural properties of oP16
carbon. It has an orthorhombic primitive-unit cell with 16
atoms in Pcca (D8

2h, No. 54) symmetry. The equilibrium
lattice parameters are estimated to be a = 4.6464 Å, b =
4.2766 Å, and c = 5.1325 Å, with carbon atoms occupying
two nonequivalent 8 f Wyckoff positions of (0.3799, 0.5812,
0.5311) and (0.0936, 0.9189, 0.1087), denoted by C1 and
C2, respectively, as shown in Fig. 1. The carbon atoms at
C1 sites are all sp2 hybridized, and the carbon atoms at C2

sites are all sp3 hybridized, showing a sp2-sp3 hybridized
carbon network. There are four distinct bond lengths: two
shorter bond lengths of 1.392 Å (d1) and 1.353 Å (d2)

FIG. 2. The calculated total energy as a function of volume per
atom for diamond, graphite, BC8, bct-C16, R16, oP16, bco-C16, ors-
C16, so-C12, ign-C6, oC24, and bct-C40 carbon.

associated with C1(sp2) − C1(sp2) and C1(sp2) = C1(sp2);
and two longer bond lengths of 1.503 Å (d3) and 1.691
Å (d4) associated with C1(sp2) − C2(sp3) and C2(sp3) −
C2(sp3). There are also four distinct bond angles: ∠C1 =
C1-C1 = 117.32◦, ∠C1-C1-C2 = 123.39◦, ∠C1 = C1-C2 =
119.22◦, and ∠C1-C2-C2 = 105.63◦.

Figure 2 shows the calculated energy vs volume per atom
of oP16 carbon compared with diamond, graphite, and previ-
ously reported BC8 [41–44], bct-C16 [26], R16 [40], bco-C16

[25], ors-C16 [30], so-C12 [28], ign-C6 [27], oC24 [29], and
bct-C40 carbon [35]. The energetic data obeys the following
stability sequence: bct-C40 > oC24 > ign-C6 > so-C12 >

ors-C16 > bco-C16 > oP16 > R16 > bct-C16 > BC8. We can
see that oP16 carbon is a metastable phase less stable than
diamond and graphite, but more stable than the previously
reported BC8, bct-C16, and R16 carbon. The equilibrium
volume of oP16 carbon is 6.37 Å3/atom, which is larger than
those of R16 and BC8 carbon phases that are all comprised
of 16 carbon atoms. By a Murnaghan fitting [54] of the
energy-volume curves, we obtain the bulk modulus (B0) of
oP16 carbon as 370 GPa, which is smaller than 451 GPa for
diamond, 407 GPa for BC8, and 386 GPa for R16 carbon,
but larger than 250 GPa for bct-C16, 315 GPa for bco-C16,
298 GPa for ors-C16, 322 GPa for so-C12, 192 GPa for oC24,
and 239 GPa for bct-C40 carbon. The calculated equilibrium
structural parameters, total energy, and bulk modulus are
listed in Table I.

To examine the dynamical stability of oP16 carbon, we
have calculated the phonon band structures and partial density
of states (PDOS), as shown in Fig. 3. There are two major
peaks at around 1419 and 1044 cm−1. The peak at around
1419 cm−1 is related to C1 carbon atoms in sp2 bonding,
similar to the finding in all-sp2 hybridized bco-C16 [25], while
the peak at around 1044 cm−1 is related to C2 carbon atoms
in sp3 bonding, similar to the finding in diamond. Meanwhile,
there is an obvious phonon gap between 1381 and 1468 cm−1

at the X point, attributing to the distinct shorter sp2 and longer
sp3 bonds. No imaginary frequency occurs through the entire
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TABLE I. Calculated equilibrium structural parameters (lattice parameter a, b, c and α, volume per atom V0, bond lengths dC−C), total
energy per atom Etot , electronic band gap Eg, and bulk modulus (B0) for diamond, BC8, bct-C16, R16, oP16, bco-C16, ors-C16, so-C12, ign-C6,
oC24, and bct-C40 carbon at zero pressure, compared to available experimental data [44,55].

Structure Space group Method a (Å) b (Å) c (Å) α (◦) V0 (Å3) dC−C (Å) Etot (eV) Eg (eV) B0 (GPa)

Diamond Fd 3̄m AM05 3.552 5.60 1.538 –9.018 5.36 451
Exp [55] 3.567 5.67 1.544 5.47 446

BC8 Ia3̄ AM05 4.443 5.48 1.617 –8.340 3.58 407
Exp [44] 4.450

bct-C16 I41/amd AM05 [26] 6.578 3.330 9.01 1.360, 1.477 –8.369 Semimetal 250
R16 R3̄c AM05 4.514 90.88 5.75 1.466-1.755 –8.505 4.45 386
oP16 Pcca AM05 4.646 4.277 5.133 6.37 1.353-1.691 –8.570 Semimetal 370
bco-C16 Imma AM05 [25] 7.806 4.877 3.237 7.70 1.382-1.459 –8.671 Semimetal 315
ors-C16 Cccm AM05 [30] 3.318 8.372 4.915 8.02 1.421-1.438 –8.810 Semimetal 298
so-C12 Pbcm AM05 [28] 4.313 8.604 2.461 7.61 1.406-1.520 –8.851 Semimetal 322
ign-C6 Cmmm AM05 [27] 5.899 6.281 2.459 7.60 1.406-1.522 –8.852 Semimetal 323
oC24 Cmmm AM05 [29] 13.632 8.867 2.468 12.43 1.336-1.523 –8.858 Semimetal 192
bct-C40 I4/mmm AM05 [35] 12.901 2.460 10.25 1.412-1.516 –8.912 Semimetal 239

BZ and PDOS, thus confirming the dynamical stability of
oP16 carbon.

We next discuss the electronic properties of oP16 carbon.
Figure 4(a) represents the band structure at equilibrium lattice
parameters. The valence and conduction bands with opposite
parities cross each other near the Fermi level (EF ) to form
several nodal points along the high-symmetric directions of
Z-�, �-Y, T-�, X-U, R-X, and X-S in the bulk BZ due to the
band inversion mechanism [22,56,57]. In fact, these inverted
band structures lead to two A-type closed nodal rings on the
ky = 0 and ky = π mirror planes protected by the P and T
symmetries, as shown in Fig. 4(b). The parity products for
the occupied states at the time-reversal invariant momenta
(TRIM) points are listed in Table II.

The presence of the two nodal rings can be explained
within the symmetry-based indicator theory [37–39]. For
an inversion symmetric system without spin-orbit coupling
(SOC), the symmetry indicators Z2,2,2,4 = (z2,1, z2,2, z2,3, z4)

FIG. 3. Phonon band structures and density of states (PDOS) of
oP16 carbon. The peak at around 1419 cm−1 is related to C1 carbon
atoms in sp2 bonding, while the peak at around 1044 cm−1 is related
to C2 carbon atoms in sp3 bonding.

are defined to indicate a nontrivial topological classification:

z2,ε ≡
∑

K ∈ TRIM
at {kε = π, ε = 1, 2, 3}

nK
− − nK

+
2

mod 2

z4 ≡
∑

K∈TRIM

nK
− − nK

+
2

mod 4, (1)

where nK
± is the number of occupied states having even (odd)

parity at the TRIM points. For oP16 carbon, the symmetry
indicator is calculated to be (z2,1, z2,2, z2,3, z4) = (0, 1, 0, 0).
According to Ref. [39], when z4 = 0, 2 and z2,i = 1, there
should be two nodal rings on the ki = 0, ki = π planes,
respectively, or both the ki = 0, ki = π planes are crossed
by nodal lines for 2 mod 4 times. In oP16 carbon, the SOC
induced band gap is about 0.0001 eV. It can be easily checked
that when SOC is considered, oP16 carbon becomes a three-
dimensional weak topological insulator.

Figure 4(c) shows the band decomposed charge density for
the occupied state near the EF of oP16 carbon, which indicates
that the electron hopping happens mainly between the sp2

hybridized C1 atoms. Furthermore, as shown in Fig. 4(d) for
the partial density of states (DOS), the energy bands near the
EF are mainly contributed by the pz orbitals of C1 atoms. To
further explore the topological electronic properties of oP16
carbon, we have constructed an eight-band TB model based
on the MLWFs constructed for the pz orbitals of C1 atoms
by using the WANNIER90 package [50,51]. The calculated TB
band structures are also plotted in Fig. 4(a) with red dashed
lines. We can see that the TB band structures match well with

TABLE II. The parity products for the occupied states at the
time-reversal invariant momenta (TRIM) points.

� (0.0,0.0,0.0) Z (0.0, 0.0, 0.5) T (0.5, 0.0, 0.5) Y (0.5, 0.0, 0.0)

− + + +
S (0.5, 0.5, 0.0) X (0.0, 0.5, 0.0) U (0.0, 0.5, 0.5) R (0.5, 0.5, 0.5)

+ − + +
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FIG. 4. (a) The calculated energy bands of oP16 carbon. The blue solid lines represent the band structures obtained from DFT methods,
while the red dashed lines represent the band structures obtained from the TB model. (b) Two closed A-type nodal rings on the ky = 0 and
ky = π mirror planes in the 3D BZ of oP16 carbon. (c) The band-decomposed charge density isosurfaces (0.01 e/Å3) for the occupied state
around the EF . (d) The partial density of states (DOS) for oP16 carbon. (e) The calculated (010) surface state obtained using 30-layer thick slab
geometry along the [010] crystalline direction based on the TB model. (f) The projection of two nodal rings onto the (010) projected plane.
The Berry phases inside the small nodal ring (zone I) and outside the large ring (zone III) are 0, while the Berry phase between the small and
large nodal rings (zone II) is π .

the DFT band structures in the vicinity of EF , indicating the
validity of our TB model.

In order to investigate the surface state, we have built a
30-layer-thick slab geometry along the [010] crystalline direc-
tion terminated with C1 atoms on both up and down surfaces,
and the surfaces are not passivated by hydrogen atoms, based
on the above TB model. Figure 4(e) shows the calculated
(010) surface states. The projection of two nodal rings onto the
(010) surface shows two concentric rings with different sizes
[see Fig. 4(f)]. There is a topological nontrivial surface band
between the projection of the large nodal ring and the small
one. Along the Y − � and � − T directions, the surface state
is visible [see Fig. 4(e)], while along the Z − � directions,
there is no surface state. This topologically nontrivial surface
state should be detectable by angle-resolved photoemission
spectroscopy (ARPES) experiments [58].

As a topological nodal line semimetal, the nontrivial sur-
face states are to be protected by the topological invariant in
bulk, i.e., the nontrivial Berry phase. To understand the surface
states of oP16 carbon, we have calculated the Berry phase
with the WANNIER TOOLS package [52]. We choose three lines
[black solid lines in Fig. 4(f)] passing through the BZ along
the ky direction. The first one is inside of the small nodal ring
(zone I); the second one is outside of the small ring but inside
of the large one (zone II); and the third one is outside of the
large nodal ring (zone III). The Berry phases, or Zak phases,
accumulated along these periodic lines have been calculated

to be 0, π , and 0 in regions I, II, and III, respectively. Thus the
topological nontrivial surface state, known as the drumhead
surface state [22], is expected to appear in the surface BZ
where the Berry phase is of π .

Unlike the previously reported sp2-sp3 hybridized carbon
allotropes, such as ign-C6 [27], so-C12 [28], and oC24 [29],
that have B-type paired nodal lines, this oP16 carbon has
A-type closed nodal rings rather than the paired nodal lines
of B type. To obtain a unified understanding of the type of
topological nodal lines in 3D carbon network structures, we
establish a two-band effective k · p model (see part (1) in the
Supplemental Material [59]). It is shown that the nodal line
can be described by an ellipse equation m1k2

x + m3k2
z = −m0

on the ky = 0 and ky = π mirror planes for oP16 and related
carbon phases, while m0 is related to the strength of the band
inversion at the � point and mi(i = 1, 3) is related to the size
and shape of nodal ring. The parameters m0 and mi can be
obtained by fitting the ab initio results. The semimajor axis
(X1) and semiminor axis (X2) of the ellipse are

√−m0/m1

and
√−m0/m3 (see Table S1 in Supplemental Material [59]),

respectively. For oP16 carbon, X1 = 0.1636 and X2 = 0.2984
on the ky = 0 plane; X1 = 0.2245 and X2 = 0.3611 on the
ky = π plane. In the lattice model with scaled units, the
boundary of the first BZ limits the value of kx and kz to be
within [−0.5, 0.5]. If the lattice anisotropy is large enough,
the ellipse of type-A nodal lines will change into periodically
connected nodal lines of type B. For example, in ign-C6,
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so-C12, and oC24 carbon structures, X1 > 0.5 and X2 < 0.5,
the ellipse extends outside of the first BZ along the kx direction
and leaves a pair of B-type nodal lines in the first BZ.

It is worth noting that the types of nodal lines in these car-
bon phases are essentially dependent on the lattice anisotropy
of the first BZ rather than bonding type (see part (2) in
Supplemental Material [59] for a detailed discussion of the
anisotropic effect). To get a systematical understanding of the
topological nodal lines found in carbon allotropes, here we
define the lattice anisotropy coefficient e = ai/a j (where ai

and a j are the lattice parameters corresponding to the mirror
plane that holds the nodal lines). We choose that ai � a j

so that e � 1. For cubic MTC and tetragonal bct-C16 carbon
in all-sp2 bonding, the e values are estimated to be 1.0, so
that the nodal lines in MTC [22] and bct-C16 carbon [26]
are nearly circles due to the lowest anisotropy coefficient; for
orthorhombic ors-C16 and bco-C16 in an all-sp2 hybridized
network, the rotation symmetry has been lowered to a twofold
rotation symmetry (C2) with an anisotropy coefficient of 1.481
and 1.507, respectively, so the nodal lines in ors-C16 and
bco-C16 are ellipses; for so-C12, ign-C6, and oC24 carbon in
sp2-sp3 hybridized bonding, they have the same C2 symmetry
with a larger anisotropy coefficient of 1.753, 2.399, and 5.524,
respectively, so that the nodal lines in so-C12, ign-C6, and
oC24 carbon are B-type paired nodal lines. Moreover, al-
though oP16 is in a sp2-sp3 hybridized network, its anisotropy
coefficient e is estimated to be 1.105, which is even smaller
than the all-sp2 hybridized ors-C16 and bco-C16 carbon, show-
ing a very low anisotropy. Thus, the nodal lines in oP16 carbon
tend to form A-type closed elliptic rings rather than B-type
nodal lines in pairs. As a result, the carbon allotropes with a
low anisotropic lattice tend to form A-type nodal rings, while
a high anisotropic lattice tends to form B-type nodal lines in
the first BZ (see Table S2 in the Supplemental Material [59]).

We have further investigated the effect of strain on the
electronic band structures for oP16 carbon. The calculated
band structures with isotropic lattice strain of −5% and +5%
for oP16 carbon are plotted in Fig. S3 in the Supplemental
Material [59]. It is shown that the band inversion and nodal
points in oP16 carbon can hold well under compression or
tensile strain, showing the high robustness of the two nodal
rings in oP16 carbon under possible structure deformation
induced by applied strain.

Finally, to establish the experimental connection of oP16
carbon, we have simulated the x-ray diffraction (XRD) spec-
tra, along with those of diamond, graphite, bct-C16 [26],
bco-C16 [25], so-C12 [28], ign-C6 [27], and R16 [40] carbon
[see Fig. 5(a)] and compare with the experimental data from
the diamond-rich coatings on stainless steel substrate [45],
as shown in Fig. 5(b). Comparing with the reported bct-
C16, bco-C16, so-C12, ign-C6, and R16 carbon phases, oP16
carbon shows a more complicated XRD pattern arising from
the multiple bond lengths and bond angles. However, the
simulated peaks (111) at 33◦, (002) at 35◦, (200) at 39◦,
and (020) around 42◦ match well with the measured XRD
peaks [45]. This good match between the simulated and
experimental XRD peaks strongly suggests oP16 as one of the
experimentally discovered phases and indicates that oP16 can
be derived from the diamond-rich coatings on stainless steel
substrate [45].

FIG. 5. (a) Simulated XRD patterns for diamond, graphite, bct-
C16, bco-C16, so-C12, ign-C6, R16, and oP16 carbon phases. (b) Ex-
perimental XRD patterns for the diamond-rich coatings on stainless
steel substrate [45]. The x-ray wavelength is 1.5406 Å with a copper
source.

IV. CONCLUSION

In conclusion, we have proposed by ab initio calculations
an sp2-sp3 hybridized carbon allotrope in Pcca (D8

2h) sym-
metry that has a 16-atom orthorhombic primitive-unit cell,
characterized as a topological nodal line semimetal with two
A-type closed nodal rings on the ky = 0 and ky = π mirror
planes. The projections of these two nodal rings onto (010)
surfaces form concentric ellipses, and a nearly flat topological
nontrivial surface state is visible between the two projected
rings. We find that such distinct topological nodal lines in
carbon networks can be cohesively described within an ellipse
model, and the type of nodal lines indeed depends on the
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lattice anisotropy rather than the bonding type. Meanwhile,
the simulated x-ray diffraction pattern matches well with
the recently reported distinct diffraction peaks found in the
diamond-rich coatings on stainless steel substrate [45], sug-
gesting a viable experimental synthesis route. These findings
expand our understandings about topological nodal lines in
carbon networks and pave the way for further studies in this
very active research field.
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