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Abstract: Carbon materials have attracted much attention due to their excellent electronic structure and topological properties.
By linking the zigzag carbon chains with carbon dimers, we propose a new stable three-dimensional (3D) carbon allotrope: T-
C20 carbon. This carbon structure has four nodal lines in the Brillouin zone (BZ) protected by mirror symmetry. Moreover, T-
C20 carbon exhibits strong anisotropic optical properties and strong absorption in the whole infrared, visible and ultraviolet
regions, which is suitable for the broadband photodetector. Our research provides a new idea for the construction of novel 3D

topological carbon allotropes.
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1. Introduction

Topological semimetals (TSMs) have an extraordinary
band structure with the conduction bands and valence bands
crisscrossing near the Fermi level. A series of novel physical
properties associated with a particular topological electronic
state have been explored, such as topological surface states,
Fermi arcs, or chiral anomaly.[1-3] Furthermore, TSMs are
widely used in a variety of fields, including photodetectors,
quantum state manipulation, topological field-effect quantum
transistors,  spintronics, and topological  quantum
computing.[4] Until now, the majority of research in these
areas has focused on heavy metal topological materials with
strong spin-orbit coupling (SOC). However, topological
properties are also very plentiful in light element systems,
such as carbon materials.

Carbon materials have transformed the electronic and
optoelectronic industry due to their encouraging properties.
One intriguing property of carbon is its ability to form a
variety of allotropes[5] owing to its unique bonding properties
via three different hybridization methods (sp, sp?, and sp?). In
recent decades, various carbon allotropes have been reported,
including fullerenes,[6] carbon nanotubes (CNTs) ,[7]
graphene (GR) ,[8] and 3D T-carbon[9] and carbon
honeycombs (CHC) .[10, 11] Carbon allotropes exhibit
abundant electronic structures and topological properties due
to their unique lattice structures and bonding characteristics.
For instance, one-dimensional (1D) graphene nanoribbons
(GNRs) exist symmetry-protected topological phases.[12]
Graphene and 6,6,12-graphyne are topological semimetals[8,
13] with Dirac cones. With increasing dimensionality, 3D
carbon structures have more structural types and topological
phases than low-dimensional carbon structures. A series of
topological phases have been reported in 3D carbon structures,
such as Dirac/Weyl points,[14-16] nodal lines,[17-19] nodal
rings/knots,[14, 20, 21] nodal chains/nets,[22, 23] nodal
surfaces,[2, 24] nodal balls, and nodal tubes.[25] Hence, 3D
carbon allotropes provide a perfect platform to investigate
topological phases.

Since the inception of nanotechnology, many new low-
dimensional carbon allotropes have been successfully
synthesized in the experiment, for instance, zero-dimensional
(0D) cyclo[18] carbon,[26] 1D carbine,[27] two-
dimensional(2D) graphdiyne and biphenylene networks.[28]
Likewise, numerous approaches are proposed to construct 3D
carbon allotropes. For example, atomic layer stacking is an
effective method for constructing 3D carbon allotropes.
Graphite can be regarded as graphene stacking via van der
Waals force. However, since the van der Waals force is a sort
of weak interaction force, the out-plane performance is far
worse than the in-plane one. For instance, the out-plane
conductivity is only 1%[29] of that for the in-plane. The issue
could be solved when carbon atoms are linked by covalent
bonds. A series of new carbon material could be designed by
inserting carbon bonds into specific unit cells.[30, 31] For
example, Wang et al. propose yne-diamond (YD)[32] by
inserting acetylenic linkers into cubic diamond. Connecting
specific carbon structures with carbon bonds or carbon chains
is also an effective method. For example, 3D carbon
honeycombs is obtained[33] by connecting zigzag GNRs
using a row of common carbon atoms or carbon dimers. The
zigzag carbon chain possesses rich and unique electronic and
topological properties and plays a vital role in many carbon
systems. It is expected to obtain excellent topological
properties in new carbon materials with zigzag carbon chains
constructed using the above method.

In this paper, we constructed 3D T-C20 carbon by linking
zigzag carbon chains with carbon dimers. The results
demonstrate that T-C20 carbon with good dynamical,
mechanical and thermal stability is a topological semimetal
with four nodal lines protected by mirror symmetry in the BZ.
The topological properties originate from the zigzag carbon
chain by analyzing the electronic properties of the
disassembled substructure. In addition, T-C20 carbon has
optical anisotropy and strong absorption of broad spectrum,
highlighting its potential applications in optoelectronic
devices. Furthermore, the researches not only enrich the types
of carbon materials but also provide new ideas for designing



3D topological carbon allotropes.

2. Computation Method

The calculation is performed using the Vienna Ab initio
simulation package (VASP)[34] based on density functional
theory (DFT). The interaction between the atomic core and
valence electrons is described by projector augmented wave
(PAW), and the cutoff energy of the plane-wave is 500 eV.
The interactions between valance electrons and exchange-
correlation functional were described by the generalized
gradient approximation (GGA) in the Perdew-Burke-
Ernzerhof (PBE) scheme.[35] The convergence criteria for
electron self-consistent relaxation was 107 eV. The atomic
positions are optimized utilizing the conjugate gradient
method with the residual force less than 10 eV/atom. The
BZ was sampled by a 9%x9x7 k-grid mesh. The phonon
spectrum and thermodynamic stability of the structures were
calculated by the PHONONPY software[36] and ab initio
molecular dynamics (AIMD) simulations,[37] respectively.

3. Results and Discussion
3.1. Structure and stability
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Figure 1. (a) A set of mirror-symmetric zigzag carbon
chains. (b) Unequal planar structures constructed using
Zigzag carbon chains (red atom C, and blue atom C,)
connected by carbon dimers (green atom C,). (c) The side
view of T-C20 carbon (the upper and lower 2D planar
structures are connected with another carbon dimer (black
atom C3)). (d) The top view of the T-C20 carbon.

T-C20 carbon belongs to the space group P42NM (No.102)
with lattice constants a=b=5.12 A and c=7.09 A. When a set
of mirror-symmetric 1D zigzag carbon chains, as shown in
Fig. 1(a), was connected with a green carbon dimer, two new
orthogonal 2D wrinkled planar structures in Fig. 1(b) are
constructed. The upper and lower orthogonal 2D wrinkled
planar structures stack in AB form along the Z direction and
are connected with another black carbon dimer, forming a
new 3D structure T-C20 carbon. Consequently, T-C20 carbon
is a combination of zigzag carbon chains and two types of
carbon dimers. In which, red and blue zigzag carbon chain
and black carbon dimer belong to sp? hybridization, while the
green carbon dimer is sp* hybridization.
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Figure 2. (a) Phonon dispersion of T-C20 carbon. (b) The
total potential energy fluctuation of T-C20 carbon during
AIMD simulation at 300K.Snapshots of the equilibrium
structures of T-C20 carbon at temperatures of 300K after
10ps AIMD simulations are shown in the inset.
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The cohesive energy of T-C20 carbon was evaluated to be
-7.19 eV/atom, which is between graphite (-7.9 eV/atom) and
T-carbon (-6.55 eV/atom), indicating T-C20 carbon may
could be synthesized experimentally. Furthermore, the elastic
constant tensor in the linear elastic region was calculated to
analyze the mechanical stability. The elastic constants?®® 3% of
T-C20 carbon are C;1=473 GPa, C;,=188 GPa, C13=102 GPa,
C33=215 GPa, C4=220 GPa, and C¢=67 GPa, which satisfy
the Born stability criteria of the tetragonal crystal system:

Cii>|Cl, 2 C, < C33 (Cii#+Cr), Caa>0 and Ce>0,

demonstrating that T-C20 carbon is mechanically stable. The
phonon spectrum of T-C20 carbon is also calculated with no
imaginary frequency in the entire BZ, as shown in Fig. 2(a),
which demonstrates that the proposed structure is
dynamically stable. In the meantime, we assess the thermal
stability of T-C20 carbon by AIMD simulation at 300 K in
the framework of the canonical (NVT) ensemble. As shown
in Fig. 2(b), the energy curve distribution is relatively stable
within 10ps and the structure hold steady after 10ps. Hence,
T-C20 carbon is dynamically, mechanically, and thermally
stable.

3.2. Electronic properties
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Figure 3. (a) The orbital-projected band structure of T-C20
carbon and the projected density of states of T-C20 carbon.
(b) The top and side view of wave function of P; and P». (c)
BZ and topological phase of T-C20 carbon. (d) 3D band
structure of two mirror surfaces (pale pink and pale blue
surfaces).

The orbital-projected band structure and projected density
of states (PDOS) of T-C20 are shown in Fig. 3(a), the



conduction and valence bands of T-C20 carbon near the Fermi
level crossover at the high-symmetry paths A'-Z, Z-A, and M-
[, respectively. The PDOS represents that the electronic states
of the structure near the Fermi level are approach zero,
indicating T-C20 carbon is semimetal. In addition, the orbital-
projected band structure shows that the crossing energy bands
near the Fermi level are mainly contributed by C;, C, atoms,
and part of C; atoms, namely the states are mainly original
from the orthogonal zigzag carbon chains.

Due to the symmetry of the structure, there are four nodal
lines (red and blue curves) in the first BZ of T-C20 carbon,
locating on two mutually orthogonal mirror surfaces (pale
pink and pale blue surface) as shown in Fig. 3(c). The 3D
band structure of the two mirror surfaces is exhibited in Fig.
3(d), a couple of slightly curved nodal lines are obtained by
the upper and lower energy bands on the Fermi level, which
is consistent with the nodal lines in Fig. 3(c). Due to the
symmetry of T-C20 carbon, the node lines also have
symmetry. The wave functions of the two crossing points P,
and P, on the A'-Z and Z-A paths were calculated to explore
the relation between topological phase and structure for T-
C20 carbon. The electron distribution at point P; on the A'-Z
path is mainly contributed from the red zigzag carbon chain
in the description of Fig. 3(b). However, the point P, on the
Z-A path is mostly from the blue zigzag carbon chain.
Therefore, the red and blue nodal lines on two orthogonal
mirror planes originate from two adjacent orthogonal red and
blue planar structures in Fig. 1(b), respectively.
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Figure 4. (a) Top view and side view of the passivated 2D
structure mainly composed of red zigzag carbon chains (C,
atoms). (b) The top and side views of the passivated 2D
structure mainly composed of blue zigzag carbon chains (C,
atoms), the light pink atoms are hydrogen atoms. (c) The
band structure of substructure (a), the inset is its BZ and
topological phase. (d) The band structure of the substructure
(b), the inset is its BZ and topological phase.

T-C20 carbon can be split into two orthogonal 2D wrinkled
planar structures as shown in Figs. 4(a) and 4(b). The
structure was passivated with hydrogen atom. The electronic
properties of the two substructures are investigated separately,
and the band structures are shown in Figs. 4(c) and 4(d),
respectively. The conduction and valence bands intersect at
the Fermi level along the M-I" and M'-I" paths, respectively.
The topological phase of the structure in the inset is obtained
according to the symmetry with two nodal points (red) in the
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BZ as shown in Fig 4 (c). Additionally, the positions of the
two red nodal points coincide with the red nodal line on the
pale pink mirror surface as illustrated in Fig. 3(c). Similarly,
the position of the blue nodal points corresponds to the light
blue mirror surface. When the two 2D structures are AB
stacked and construct 3D T-C20 carbon, the nodal points on
the mirror surfaces spread into node lines along the Z
direction on the mirror surfaces. Therefore, the nodal lines of
T-C20 carbon are derived from the nodal point of the
substructures.

3.3. Optical properties
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Figure 5. (a) Absorption coefficient spectrum of T-C20
carbon. (b) The imaginary part of the dielectric function of
T-C20 carbon.

The optical properties are explored to analyze the potential
application in optics. The absorption coefficient and the
imaginary part of the dielectric function are calculated
utilizing DFT. The frequency-dependent dielectric function is

represented by 8((0)28 . (a))+ ig 5 (a)) , where,

g, (a)) and & 5 (a)) are the real and imaginary parts of

the dielectric function, which is expressed by the following
formulas:

) 2we (0)
81(a))=1+;P.(|;a),2%(0)2)da), ()

2 (0)= 2[ﬂj2 [|s- M, (k) S[E. (k) - E, (k) 70

wm

where M, (k ) is the momentum matrix element,

E, (k ) and E, (k) are the intrinsic energy levels in the

conduction band and valence band, respectively. Furthermore,
S is the unit vector, k is the wave vector, ¢ is the charge
quantity, @ and o' are electromagnetic wave frequency, m is
the mass of the free electron, J factor represents the energy
conservation relationship during the electron transition, P is
the integral principal value. As shown in Fig. 5(a), both the
absorption coefficient and the imaginary part of the dielectric
function of T-C20 carbon have obvious anisotropy. The
optical property is isotropic along the x and y directions and
the optical property is anisotropy between the x/y and z
directions. The anisotropy of optical properties is mainly
caused by the structure anisotropic characteristics. The first
absorption peaks appear at 1 eV and 0.6 ¢V in the x/y and z
directions of the system, respectively. In most wavelength
bands, the light absorption in the x/y plane is significantly
stronger than that in the z-direction. Only in the range of 2.9
eV~3.9 eV, the in-plane absorption coefficient is slightly
smaller than the out-of-plane absorption coefficient. The
absorption coefficients in both directions reach the



exponential level of 10° which is comparable to organic
perovskite solar or graphene.[*”) However, unlike silicon and
many other materials with very narrow wavelengths for the
absorbed light, T-C20 carbon has a broad absorption range
with strong absorption across the infrared, visible and
ultraviolet regions. The carbon material exhibits excellent
optical property, which could be used in photovoltaic solar
cells and optoelectronic devices.

4. Conclusion

T-C20 carbon, a new 3D carbon allotrope, was constructed
in this paper by connecting zigzag carbon chains with carbon
dimers. The structure exhibits excellent thermodynamic,
mechanical, and thermal stability. Based on ab initio
calculations, the structural, electronic properties, and optical
properties were investigated. The results show that T-C20
carbon is a topological semimetal with four symmetrical
nodal lines. These nodal lines originate from 2D substructures
constructed from zigzag carbon chains. Furthermore, T-C20
carbon has strong absorption in the whole infrared, visible and
ultraviolet regions which is suitable for using in solar cells
and optoelectronic devices. This paper not only provides new
ideas for the construction of new topological carbon materials
but also adds new materials for broad-spectrum
optoelectronic devices.
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