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a b s t r a c t

Based on first-principles calculations and Wannier tight-binding model, a three-dimensional (3D) carbon
structure, named mC16, composed of interpenetrating graphene, is shown to be a topological nodal-line
semimetal. The band structure calculations reveal that mC16 exhibits some exceptional properties. These
include the Dirac band and band inversion around the Fermi level, and four nodal-lines in the entire
Brillouin zone, symmetrically distributed on both sides of the mirror plane, and protected by the PT
symmetry. In addition, the topological “drumhead-like” surface states appear on the (001) surface of
mC16 and the double “drumhead-like” flat surface state emerges on the type-II (001) surface of the 3D
mC16 structure. Moreover, the exotic surface Dirac points are located on the type-I (001) surface,
implying that mC16 may process interesting surface transport properties. These new features make
mC16 a new member in the topological carbon family, with promising novel applications in electronic
device.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Recent discoveries of topological semimetals have attracted
considerable attention, due to their fascinating physical properties
and potential applications [1e13]. In the large family of topological
semimetals, topological carbon materials are particularly inter-
esting because of their structural diversity and novel properties.
Especially, the discovery of Dirac cone [14,15], massless Dirac fer-
mions [14,15], and the unconventional quantum Hall effect [9,14] in
graphene, significantly contributed to the interest on topological
semimetals. Nevertheless, the Dirac cone in two-dimensional (2D)
carbon is fragile and can be hardly applied in 3D practical device
[16]. Consequently, 3D carbon topological semimetals (3D-CTSMs)
are of current interest. Because of the topological properties of
graphene, it is natural to use graphene as the basic building blocks
en), qianwang2@pku.edu.cn
for 3D-CTSMs. Accordingly, many topological carbon structures,
such as triangular graphene network (TGN) [17], quadrilateral
graphene network (QGN) [17], hexagonal graphene network (HGN)
[17], carbon-Kagome-lattice family (CLK) structures [18], and
Mackay-Terrones crystal (MTC) [16], have been predicted in the last
decade. Very recently, a series of stable interpenetrating graphene
networks (IGNs) have been predicted [19e23] and experimentally
synthesized [23,24]. It was reported that some of IGNs possess the
topological nodal-line states. A better understanding of the origin
of topological nodal-line in carbon materials is not only a founda-
tional scientific issue, but also important for designing and syn-
thesizing 3D carbon networks with novel topological nodal-line
states. Here, we propose a typical structure of IGNs, namely
monoclinic C16 (mC16) structure with the topological nodal-line
state, protected by coexistence of time reversal symmetry (T) and
spatial symmetry (P) rather than mirror reflection symmetry.
2. Calculation method

Our calculations are performed within the density functional
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theory (DFT) [25,26] with the projector-augmented wave (PAW)
[27] method, implemented in Vienna ab initio simulation package
(VASP) [28e30]. The generalized gradient approximation (GGA) in
the form of Perdew-Burke-Ernzerhof (PBE) [31] is used for the
exchange-correlation potential. The plane-wave cutoff energy is
500 eV, and the k-point separation in Brillouin Zone of the recip-
rocal space is taken to be 2p � 0.02 Å�1 using the Monkhorst-Pack
method. Forces on the ions are calculated according to the
Hellmann-Feynman theorem, and the convergence thresholds for
total energy and ionic force component are set to 1 � 10�6 eV and
0.001 eV/Å, respectively. The phonon frequencies are obtained us-
ing the finite displacement method implemented in the PHONOPY
code [32]. First-principles molecular dynamics (MD) simulations,
with time steps of 1 fs (fs) in a supercell of 3 � 1 � 5 that contain
240 carbon atoms, are also performed using the canonical (NVT)
ensemble to examine the structural stability. The nodal-line search
and surface states calculations are done using the open-source
software Wannier_tools [33] which is based on Wannier tight-
binding model constructed by Wannier90 code [34].
3. Results and discussion

Taking graphene sheet as the basic building block, a mixed sp2-
sp3 hybridized 3D carbon network is constructed as shown in
Fig. 1a. The optimized structure has a monoclinic primitive cell
containing 16 carbon atoms with a space group C2/m (No. 12).
Therefore, we name it as mC16. Its optimized lattice parameters are
a ¼ 12.7988 Å, b ¼ 2.4461 Å, c ¼ 4.2766 Å, and b ¼ 88.41�. In this
structure, there are four nonequivalent carbon atoms, occupying
(0.75385, 0, 0.92131), (0.22631, 0, 0.42619), (0.89021, 0, 0.53077)
and (0.44394, 0, 0.51593) sites, respectively. The special atomic
configuration endows mC16 with a low density of 2.31 g/cm3 and
Fig. 1. Crystal structure and its stability. (a) Perspective view of the crystalline structure of
of the (001) surface. (c) Total energy per atom as a function of volume for graphite, diamond
of these allotropes are �9.188, �9.090, �9.027, �8.965, �8.928, and �8.847 eV/atom, respec
be viewed online.)
bulk modulus of 277 GPa, showing a high surface-to-volume ratio,
and remarkable porosity, which may lead to many potential ap-
plications in batteries and catalysis [13].

Although mC16 exhibits porous character, it is a highly stable
carbon allotrope. From the phonon spectra shown in Fig. 1d, one
can see that no imaginary frequencies appear throughout the entire
Brillouin zone (BZ), confirming that mC16 is dynamically stable at
ambient pressure. Moreover, the average binding energy per atom
of mC16 is only 0.161 eV and 0.063 eV higher than that of graphite
and diamond, respectively, while lower than that of the theoreti-
cally predicted 3D carbon allotropes including M-carbon, and bct-
C12, and the experimentally identified fullerene C60 as well, see
Fig. 1c. This implies that mC16 could be synthesized.

In addition, the calculated independent elastic constants for
mC16 are as follows:

C11 ¼ 656.5 GPa, C12 ¼ 90.8 GPa, C13 ¼ 54.8 GPa, C16 ¼ 37.7 GPa,
C22 ¼ 1037.2 GPa, C23 ¼ 47.6 GPa, C26 ¼ 12.4 GPa, C33 ¼ 404.3 GPa,
C36 ¼ 6.6 GPa, C44 ¼ 293.1 GPa, C45 ¼ 21.2 GPa, C55 ¼ 189.6 GPa,
C66 ¼ 25.2 GPa.

They meet the Born criteria well [35] for monoclinic crystal,
further confirming the mechanical stability of mC16. First-
principles molecular dynamics simulations at 300 K with a super-
cell of 3 � 1 � 5 containing 240 carbon atoms are also carried out.
There is little change in the structure of mC16, after heating for
more than 5 ps. This suggests that mC16 is thermally stable at room
temperature as well.

Having confirmed the stability of mC16, we next study its
electronic properties. Fig. 2a clearly shows the Dirac feature of
linear dispersion of the valence and conduction bands near the
Fermi level. From Fig. 2b, one can note that the density of states of
mC16 is almost zero at the Fermi level, which suggests that mC16 is
semimetallic. There are two band crossing points which are located
mC16. The black cube represents the unit cell of mC16. (b) Bulk BZ and the projected BZ
, mC16, bct-C12, M-carbon and C60 fullerene molecule. The corresponding total energies
tively. (d) Phonon spectra of mC16 at zero pressure. (A colour version of this figure can



Fig. 2. Electronic properties of mC16. (a) Calculated energy band structures of the px and pz orbitals along the high-symmetry points. The a and b points represent the crossing
points. (b) Partial DOS of mC16. The Fermi level is set to zero. (c) Comparison of energy bands without and with SOC to the a and b points. SOC opens gaps of 0.42 meV and 0.12 meV
for a and b points, respectively. (d) Fermi surface of mC16. The color plane represents the mirror plane of the BZ. (A colour version of this figure can be viewed online.)
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along the C-D and B-V lines (marked as a and b point in Fig. 2a),
respectively. These band crossing points deviates from the Fermi
level about�63meV and 30meV (as shown in Fig. 2c), respectively.
To investigate the formation mechanism of these crossing points
further, orbital-character analysis is performed. As shown in Fig. 2a
and b, px and pz orbitals are dominant at the a and b points.
Moreover, there is also a clear signature of band inversion at the a
and b points, implying possible nontrivial band topological features
of mC16. Since the lowest conduction band and the highest valence
band along this line have opposite parities with respect to the C2
operation in the group of C-D and B-V, they can touch each other
without opening a gap, thus, forming a topological semimetal.
Interestingly, there are some energy bands with small slope along
L-B line, which connect with the Dirac bands along B-V line as
shown in Fig. 2a. It is known that Dirac band and flat band represent
two extreme ends of energy bands, which can coexist in Kagome
lattice [18,36e38]. This interesting phenomenon implies that mC16
may exhibit superconducting property. In addition, the spin-orbit
coupling (SOC) effect opens gaps about 0.42 meV and 0.12 meV at
the crossing points along the C-D and B-V lines, as shown in Fig. 2c.
Such gaps indicate that the effect of SOC on the electronic band
structure of mC16 is quite weak and can be ignored.

To study the electronic structure near Fermi level, the Fermi
surface of mC16 is calculated as shown in Fig. 2d. The Fermi surface
has four banana-like features, symmetrically distributed on both
sides of the mirror plane. These four Fermi surfaces separate from
each other and deviate from a certain plane. Such banana-like
Fermi surface is evidence of a topological nodal-line system.

To further clarify the details of the nodal-line in mC16, a tight-
binding model (WTB) based on maximally localized Wannier
function is constructed, and the nodes' distribution in 3D BZ is
calculated. The results are shown in Fig. 3c, which shows four
nodal-lines in the entire BZ, consistent with the Fermi surface
calculations. In particular, the Berry phase (a Z2-type invariant) of
the b point (as shown in Fig. 3c) equals p for the k-path chosen in
plane. This nonzero quantized Berry phase further confirms the
nodal-line feature in mC16.

In previous studies, nodal-lines in carbon materials, such as in
Mackay-Terrones crystal (MTC) [16], sc-C96 [39], and bct-C16 [40],
lie almost in a certainmirror reflection plane. Once themirror plane
is destroyed, the nodal-lines would be affected in these materials.
However, nodal-lines in mC16 are not in a mirror plane and are
symmetrically distributed at two sides of the mirror plane. This is
remarkably different with previously reported nodal-lines in car-
bon materials. To verify mC16 is a PT symmetry protected crystal,
symmetry analysis is performed for mC16. When SOC is absent, the
system can be considered as a spin-less system for which T is
simply a complex conjugate operator. Therefore, we only need to
consider the influence of P symmetry on the Bloch functions. For
the primitive cell of mC16, its inversion center can be defined as,

I : ðx; y; zÞ/ð � x;�y;�zÞ:
And the mirror reflection symmetry can be defined as,

M : ðx; y; zÞ/ðy; x; zÞ:
In momentum space,

M :
�
kx; ky; kz

�
/

�
ky; kx; kz

�
:

Thus, mC16 is a centrosymmetric crystal with inversion sym-
metry. One can adopt a gauge for the Bloch functions such that
u*nkðrÞ ¼ un�kðrÞ. On the other hand, inversion symmetry connects
unkð�rÞ to un�kðrÞ, and we are allowed to let unkð�rÞ ¼ un�kðrÞ.
Combining the above two equations, one obtains u*nkðrÞ ¼ unkð�rÞ.
Then, it is straightforward to show that the corresponding effective
HamiltonianHðkÞ has to be real valued, i.e.HmnðkÞ ¼ HnmðkÞ. A band



Fig. 3. Nodal-line structure in mC16. (a) Primitive cell of mC16. Color plane is the mirror plane of the primitive cell. The Space group is C2/m (No. 12), and its optimized lattice
parameters are a ¼ b ¼ 6.5152 Å, c ¼ 4.2766 Å, a ¼ b ¼ 91.5631�, and g ¼ 21.6395� . (b) The deformed cell of mC16. The Space group is P-1 (No. 2), and its optimized lattice
parameters are a ¼ 6.52232 Å, b ¼ 6.5403 Å, c ¼ 4.33438 Å, a ¼ 92.02438� , b ¼ 92.02416� , and g ¼ 21.97672� . (c) Nodal-lines structure of mC16. The green line is the path to
calculate the Berry phase. The a and b points represent the crossing point located along C-D and B-V line, respectively. Color plane is the mirror plane of the bulk BZ. (d) Nodal-lines
structure of deformed mC16. (A colour version of this figure can be viewed online.)
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crossing point at an arbitrary k point can beminimally described by
a two-band effective Hamiltonian, which can be expressed in terms
of the identity matrix and the three Pauli matrices. According to the
above argument, the two-band Hamiltonian for a system, obeying
both T and P symmetries, can be chosen as real valued, so the
codimension of such a band crossing point is 2, one less than the
number of independent variables (i.e., kx, ky, and kz). Hence, the
nodal line in mC16 is stable in the presence of existing PT sym-
metries, which are enough to protect the nodal-lines in mC16. Any
perturbations that preserve the inversion symmetry, can only
distort the nodal-line, but not destroy them. As an example, we
apply a uniaxial strain (compression 1%) along the [001] crystal
direction. After deformation, the structure of mC16 belongs to
space group of P-1 (No. 2), which preserves the inversion sym-
metry, but just destroys the mirror plane in mC16. As a result
shown in Fig. 3d, it is found that when the mirror plane is
destroyed, the nodal-lines in mC16 still exist, rather than vanishing
as the nodal-line structure is protected by mirror reflection sym-
metry. Thus, the nodal-lines in mC16 are robust.

One of the most important signatures of a topological nodal-line
semimetal is the existence of “drumhead-like” surface states [41].
Fig. 4 shows the calculated local density of states (LDOS) for the
semi-infinite (001) surface using the constructed WTB model. We
choose two types of (001) surface of mC16 to calculate the surface
states and surface band structure, as shown in Fig. 4a. For the type-I
(001) surface, as shown in Fig. 4a, the “drumhead-like” surface
states are nestled outside the projected nodal loop. The results are
shown in Fig. 4b. Note that the nearly flat “drumhead-like” surface
state is similar to some previous works [42] and can be considered
as the hallmark of a bulk topological nodal-loop semimetal. How-
ever, the surface states for the type-II (001) surface are dramatically
different. As shown in Fig. 4c, there are two surface bands emerging
on the type-II (001) surface, one surface band outside the projected
nodal loop just like the surface states of type-I (001) surface. The
other one surface band penetrates the entire region and deviates
from the projected nodal loop. These double “drumhead-like”
surface states are firstly found in carbon materials, implying novel
surface transport properties on the (001) surface of mC16. To our
knowledge, surface states obtained from the WTB model usually
are used to explain the topological properties of materials. To
compare the surface states with ARPES experimental data for
further use, a DFT calculation with a 20-atomatic-layer thickness
slab systemwas performed, as shown in Fig. 4c. The DFT calculated
surface states with two types of (001) surfaces show some differ-
ences with WTB results. Firstly, type-I surface states are mainly
convex for WTB results; however, they are concave for DFT results.
The energy of type-II surface states in WTB is higher than DFT re-
sults by about 1 eV. Secondly, as shown in Fig. 4c, there are two
surface Dirac points emerging on the type-I surface, which is
similar to the TiB2 surface state and firstly discovered in carbon
materials [43]. It means that not only the bulk states of mC16 are
topological nodal-line state, but also the surface states of mC16
have Dirac points similar with graphene, which indicates some
novel surface transport properties in mC16.

Recently, high-quality 3D nanoporous graphene-based struc-
tures have been fabricated successfully [44,45] and covalently
bonded 3D graphene macroscopic structures have also been syn-
thesized using chemically derived graphene sheets [46,47]. More-
over, experimental research suggests that interpenetrated
graphene networks structures might locally exist within com-
pressed glassy carbons [23,24]. These advances make the synthesis
of mC16 and its expanded carbon allotropes very promising. Once
synthesized, mC16 not only can be used as an ideal platform to
study the topological properties, but also may find an array of po-
tential applications as shape-selective catalyst, molecular sieves or
absorbents, superconductors, and battery materials.
4. Conclusions

In summary, based on first-principles calculations, a new carbon
allotrope, mC16, has been identified, and its topological properties
have been systematically studied. The calculated results show that
mC16 is a stable topological nodal-line semimetal with many novel
properties. (1) There are Dirac band and band inversion around the
Fermi level, and four nodal-lines in the entire Brillouin zone,
symmetrically distributed on both sides of the mirror plane. (2) The
topological states in mC16 are protected by PT symmetry rather
than mirror reflection symmetry. (3) The “drumhead-like” surface
states exist on the (001) surface, while the exotic double “drum-
head-like” surface states emerge on the type-II (001) surface. These
multiple-features are found for the first time in carbon materials.
(4) Two surface Dirac points emerge on the type-I (001) surface of



Fig. 4. Surface states of mC16. (a) Atomic structure of mC16 for two types of (001) surface. (b) Type-I and type-II surface states of the (001) surface obtained by WTB model. (c)
Type-I and type-II surface states of (001) surface obtained from DFT calculations. (A colour version of this figure can be viewed online.)
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mC16, which may lead to some special transport properties on this
surface. These results not only suggest the existence of nontrivial
topology in mC16 and its variants, but also provide an ideal system
to explore the novel physics in carbon materials.
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