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Body-Centered Tetragonal C16: A Novel Topological 
Node-Line Semimetallic Carbon Composed of Tetrarings

Yong Cheng, Xing Feng, Xiaoting Cao, Bin Wen,* Qian Wang,* Yoshiyuki Kawazoe, 
and Puru Jena

Topological semimetals have received a great deal of atten-
tion in recent years because of their fascinating physical prop-
erties and the promise in electronics applications.[1–11] Among 
all topological semimetals, topological semimetallic (TSM) 
carbon is of particular interest because of the intrinsic prop-
erties of carbon, namely, oxidation and corrosion resistance, 
and structural diversity. In carbon materials, 2D graphene[12] 
is one of the most representative TSM carbon. Considering 
that many practical applications often require 3D architec-
tures built from low dimension structures,[13] much effort in 
recent years has been devoted to exploring 3D TSM carbon. 
Based on the fused hexagons form of graphene, some 3D 
TSM carbon allotropes have been predicted, including the 
Mackay–Terrones crystals (MTCs),[14] the hyperhoneycomb 
lattices,[15] 3D graphene networks,[16,17] and the body-cen-
tered orthorhombic C16 carbon (bco-C16).[18] Despite this 
progress, the search for new 3D TSM carbon continues.

Besides hexagons that form the TSM carbon structures, 
recent studies on 2D carbon materials show that the other 
member rings can also generate TSM carbon, and bring ver-
satile properties.[19–21] Hence, we naturally wondered if a 3D 
TSM carbon can be designed by taking the other member 
rings as the building blocks. Herein, a novel 3D carbon allo-
trope composed of tetrarings is proposed by means of first-
principles calculations. This new carbon phase contains 16 
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atoms in body-centered tetragonal unit cell, and thus named 
bct-C16. Remarkably, our calculations reveal that bct-C16 is 
a stable 3D semimetallic carbon with intriguing topological 
node-line state, which possesses nontrivial surface states. In 
addition, bct-C16 has bulk flat bands, which is different from 
the earlier proposed 3D TSM carbon. This may lead to var-
ious exotic multibody states (such as superconductivity, ferro-
magnetism, and Wigner crystal) by doping.[22–24]

First-principles calculations based on density functional 
theory (DFT)[25,26] are carried out using Vienna ab initio 
simulation package (VASP)[27,28] with the projector aug-
mented wave (PAW) method[29] The generalized gradient 
approximation (GGA) described by Perdew et al. (PBE)[30] 
is adopted for the exchange-correlation potential. Moreover, 
the hybrid Heyd−Scuseria−Ernzerhof functional (HSE06)[31] 
is also employed to ensure the band structure of bct-C16. The 
kinetic energy cutoff is taken as 500 eV, and the Monkhorst–
Pack grids in Brillouin Zone (BZ) of the reciprocal space is 
sampled as 2π × 0.02 Å−1. The conjugate-gradient algorithm 
is used to relax the ions, and the convergence thresholds 
for total energy and ionic force component are chosen as  
1 × 10−6 eV and 0.001 eV Å−1, respectively. The phonon fre-
quencies are obtained using the finite displacement method 
implemented in the Phonopy code.[32,33] First-principles 
molecular dynamics (MD) simulations at different tempera-
ture are performed using the canonical (NVT) ensemble to 
confirm structural thermal stability. Each simulation lasts 
for 5 ps with a time step of 1 fs. The benchmark calculations 
have been performed for diamond and graphite to validate 
computational accuracy. The calculated results of diamond 
and graphite are in good agreement with the experimental 
and other theoretical values (see Table S1 in the Supporting 
Information), confirming the reliability of our computational 
scheme.

As shown in Figure 1, the structure of bct-C16 is a 3D 
carbon network, which is entirely comprised of tetrarings. 
After geometry optimization, bct-C16 is identified to possess 
I41/amd space group (No. 141), and its lattice parameters are 
a = b = 6.592 Å and c = 3.377 Å, respectively. In the struc-
ture of bct-C16, all carbon atoms are equivalent and each 
atom binds to other three atoms, forming two-third single 
bonds (d1 = 1.438 Å) in tetrarings and one-third double 
bonds (d2 = 1.362 Å) out of tetrarings. By comparing the 
electron density difference between bct-C16 and graphene 
(see Figure S1 in the Supporting Information), we find that, 
analogous to graphene, the electron distribution is symmetric 
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along the double bonds in bct-C16. As for the single bonds, 
the electron distribution is asymmetrical, showing the char-
acter of bent π hybridized bonds.[34] Therefore, bct-C16 also 
can be regarded as a twisted π hybridized network. A more 
detailed comparison of structural properties between bct-C16 
and other carbon allotropes is given in Table S1 in the Sup-
porting Information.

To verify the stability of bct-C16, the total energy, phonon 
spectra, and elastic constants calculations as well as MD 
simulations have been performed. Figure 2a shows the calcu-
lated total energy−volume curve for bct-C16 and some other 
carbon allotropes. We find that bct-C16 is energetically meta-
stable against graphite and diamond with 0.649 and 0.551 eV 

per atom higher in energy, respectively. This is caused by the 
higher ring strain in tetrarings.[35] We also note that bct-C16 
is not only more stable than some theoretically predicted 
carbon allotropes (e.g., T-carbon and penta-graphene),[36,37] 
but also energetically more favorable than some experimen-
tally synthesized carbon phases (e.g., C20 fullerene and the 
smallest carbon nanotube CNT(2,2)),[38–41] implying that the 
bct-C16 could be synthesized. Figure 2b displays the phonon 
spectra of bct-C16 at zero pressure, where the absence of 
imaginary frequencies throughout the entire BZ implies that 
bct-C16 is dynamically stable. The highest phonon frequency 
of bct-C16 is calculated to be about 1691 cm−1 at Γ point, 
which is higher than that of graphite (≈1600 cm−1).[42] A wide 
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Figure 1. Schematic depiction of the structure of bct-C16. a) Perspective view of the crystalline structure for bct-C16. b,c) Building block of bct-C16 
(tetraring linear chains) along z and x axis directions. d) Unit cell of bct-C16 composed of tetrarings with I41/amd space group (No. 141). Its lattice 
parameters are a = b = 6.592 Å and c = 3.377 Å, and the Wyckoff position is 16 h (0.5, 0.34335, 0.53878).

Figure 2. Energetic and dynamical stability of bct-C16. a) Total energy per atom as a function of volume for some 3D carbon allotropes including 
bct-C16, graphite, diamond, CNT(4,4), CNT(2,2), and T-carbon, as well as the total energy per atom of 2D penta-graphene and 0D C20 fullerene 
molecule. The corresponding total energies for these allotropes are −8.539, −9.188, −9.090, −8.951, −8.149, −7.916, −8.319, −8.081 eV per atom, 
respectively. b) Phonon spectra of bct-C16 at zero pressure.
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indirect phonon gap of about 232 cm−1 can be observed in the 
region of Z to Γ point. These results could be helpful to iden-
tify the bct-C16. As it belongs to tetragonal crystal system, 
the bct-C16 phase has six independent elastic constants, i.e., 
C11, C33, C44, C66, C12, and C13, which are calculated to be 589, 
87, 54, 150, 307, 77 GPa, respectively. Obviously, these values 
satisfy Born criteria for tetragonal phase:[43]C11 −C12 > 0, C11, 
C33, C44, C66 > 0, C11 +C33 − 2C13 > 0, and 2C11 +C33 + 2C12 +  
4C13 > 0, confirming that bct-C16 is mechanically stable. Using 
Voigt–Reuss–Hill approximation,[44] the bulk and shear 
modulus (B and G) of bct-C16 are calculated to be 165 and 
87 GPa, respectively, which are much lower than that of 
diamond.[45] The relatively high B/G ratio in bct-C16 implies 
that bct-C16 is ductile according to the Paugh criterion.[46] 
From the results of the first-principles MD simulations, using 
a large supercell of 2 × 2 × 4, we find that the skeleton of 
bct-C16 remains nearly intact after heating it at 300 and  
1000 K for 5 ps, respectively, and the total energy fluctuations 
are very small in both cases (see Figure S2 in the Supporting 
Information). These results indicate that bct-C16 is thermally 
stable at room temperature, and once synthesized, bct-C16 
can withstand temperatures up to 1000 K.

After confirming the structural stability of bct-C16, we 
turn to investigate its electronic properties. The band struc-
ture of bct-C16 is presented in Figure 3a. It can be seen that 

the highest valence band (HVB) and the lowest conduction 
band (LCB) cross near the Fermi level, showing a feature of 
Dirac linear dispersion. The two crossing points are located 
at asymmetric A and B points along the Z–Γ and Γ–X paths, 
and roughly deviate from the Fermi level with an energy 
about 17 and 3 meV, respectively [see the inset in Figure 3a]. 
From Figure 3b, one can note that the density of states of bct-
C16 is almost zero at the Fermi level. These results suggest 
that the bct-C16 is semimetallic. We also note that the band 
structure of bct-C16 has almost no change and only shifts 
0.25 eV above the Fermi level when using the HSE06 func-
tional (see Figure S3 in the Supporting Information), indi-
cating that the feature of Dirac linear dispersion in bct-C16 
is robust. To more clearly reveal the linear dispersion rela-
tion in reciprocal space, the 3D band structure of bct-C16 
has been calculated, as plotted in Figure 3c. It can be seen 
that the crossing of HVB and LCB leads to a lotus-root-like 
Fermi surface in the 3D BZ, and the crossing points form a 
node-line rather than multiple degenerate node points in the 
Z–Γ–X plane. Due to the tetragonal symmetry, there is only 
one node-line in the BZ of bct-C16 [see the inset in Figure 3b],  
which is distinct from the cubic symmetric MTCs[14] that has 
three node-lines. Hence, the bct-C16 is a new type of topo-
logical node-line semimetal, and the node-line is protected 
by time-reversal and spatial inversion symmetries. More 

www.advancedsciencenews.com

small 2017, 13, 1602894

Figure 3. Node-line in bct-C16 without SOC. a) Orbital projection band structure of bct-C16, where the black, blue, red, and olive solid circles 
correspond to s, px, py, and pz orbitals of carbon, respectively. The insets show the zoom-in band structure around A and B crossing points. 
b) Relevant PDOS of bct-C16, the Fermi level is set to zero. The inset shows the BZ of bct-C16, the node-line is schematically shown with purple 
circle, which surrounds the Γ point and lies on the Z–Γ–X plane (gray mirror plane). c) The lotus-root-like Fermi surface (left) and the node-line 
(right) formed by cross points in the Z–Γ–X plane. d) ϕ1–ϕ4 show the band-decomposed charge densities of the HVB and LCB near the A point as 
indicated in inset of (a), the isosurface of the bonding charge density is 0.016 e bohr−3.
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interestingly, it is also noted that there exists bulk flat bands 
along the X–P path at ≈2 eV. If shifting the Fermi level to 
pass through the flat band by electron doping, the Dirac and 
flat bands coexist in bct-C16, which may lead to some fasci-
nating multi-body states.[47] In addition, the Fermi velocities 
(vF) of bct-C16 have been also evaluated by fitting the slope 
of HVB and LCB. Along the Z–Γ direction, the vF for the 
HVB and LCB are 8.5 × 105 and 2.3 × 105 m s−1, respectively. 
Along the Γ–X direction, the vF for the HVB and LCB are 
7.5 × 105 and 1.9 × 105 m s−1, respectively. So the carriers in 
bct-C16 are highly anisotropic. In particular, these values are 
in the same magnitude compared with Fermi velocity of gra-
phene (present calculations value: 8.4 × 105 m s−1, other theo-
retical value: 8.22 × 105 m s−1 and 8.6 × 105 m s−1).[48,49]

To understand the origin of the lotus-root-like Fermi 
surface, the partial density of states (PDOS) projected to 
different atomic orbitals and the band decomposed charge 
density have been calculated. From the PDOS in Figure 3b, 
we note that the electronic states near Fermi level mainly 
originate from the p orbitals, especially py orbitals, which 
account for about 68% the orbital contributions. Thus, it can 
be inferred that the interactions between the px, py, and pz 
orbitals result in the formation of the π and π* bands near 
the Fermi level, which lead to the emergence of lotus-root-
like Fermi surface in low-energy electronic structure. This is 
different from the origin of Dirac cone of graphene, whose 
π and π* bands are attributed to pz orbitals exclusively.[12] 
Figure 3d shows the charge densities [ϕ1–ϕ4, see the inset of 
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Figure 4. Surface states of bct-C16. a) Atomic structure of bct-C16 for two types of (001) surface. b,c) I-type surface states (outside the node-line) 
and II-type surface states (inside the node-line). d) Comparison of band structure from DFT calculations (black line) and TB (red circle) model. The 
inset shows the TB model for bct-C16 with hopping parameter t1 = 3.0 eV, t2 = 2.7 eV, t3 = −1.6 eV, t4 = 0.13 eV. e) 3D view corresponds to the II-type 
surface states nested inside the node ring.
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Figure 3a] in HVB and LCB around the A point. Note that 
the distributions of charge are very similar and roughly par-
allel to the CC bonds, showing the character of π bonds 
derived primarily from the p orbitals. These results further 
confirm the discussions in PDOS. Remarkably, there still 
exists slight difference between the charge distributions of 
ϕ1 (ϕ4) and ϕ2 (ϕ3), implying that the HVB and LCB are 
inversed at the two sides of the A point. This band inversion 
also occurs at the two sides of the B point, and is believed to 
induce the behavior of band crossing near the Fermi level.

Due to the existence of band inversion and node-line, the 
bct-C16 should have nontrivial surface states. In order to cap-
ture the characters of these surface states, we use a simple 
tight-binding (TB) model of π-electrons to describe the band 
structure in the proximity of the Fermi level for bct-C16. The 
TB model is written as 

hcH t c cij

ij
i j∑= +

〈 〉

+

 

where i and j are the orbitals sites, tij is the hopping parameter 
between the i-th and j-th sites, ci

+ and cj represent the crea-
tion and annihilation operators of an electron at the site i and 
j, respectively. For tij, as shown in the inset of Figure 4d, the 
nearest-neighbor hopping and the second-nearest-neighbor 
hopping are considered in the primitive cell of bct-C16. The 
distance-dependent hopping parameters are t1 = 3.0 eV,  
t2 = 2.7 eV, t3 = −1.6 eV, t4 = 0.13 eV, respectively. By diago-
nalizing an 8 × 8 matrix in the reciprocal space, the TB band 
structure is obtained, as illustrated in Figure 4d. One can see 
that the TB band structure agrees well with the DFT band 
structure in the proximity of the Fermi level, especially along 
the Z–X path, demonstrating that this simple TB model is 
good enough to describe the low energy band structure of 
bct-C16. As presented in Figure 4a, depending on the termi-
nation of plane, bct-C16 has two different (001) surfaces, say, 
I-type and II-type surfaces. Using the above TB model, the 
band structure of a thick slab for the two type surfaces has 
been calculated, and the results are plotted in Figure 4b,c, 
respectively. It can be observed that the surface flat bands 
are located outside the node ring for I-type surface, while 
they emerge inside the node ring for II-type surface. In par-
ticular, we obtain that the Berry phase (a Z2-type invariant) 
of I-type surface equals π for k|| (any in-plane momentum) 
outside the node ring, while the Berry phase of II-type sur-
face is π for k|| inside the node ring. This nonzero quantized 
Berry phase is believed to result in the surface flat bands 
inside or outside the node ring. These flat bands could give 
rise to interesting electron interaction effects and transport 
physics,[3–5,9,14,16] and the drumhead-like surface states in 
Figure 4e can be easily detected by angle-resolved photo-
electron spectroscopy or scanning tunneling microscopy.

To study the possible topological phase transition in bct-
C16, the spin–orbit coupling (SOC) is taken into account in 
our DFT calculations. As a benchmark, the band structure of 
graphene with SOC is calculated, we find that the bandgap 
at Dirac point is only 0.008 meV, which is identical to the 
value of previous works.[50] In the same way, the band struc-
ture of bct-C16 with SOC is also calculated, and the results 

are depicted in Figure S4 in the Supporting Information. 
Note that the two bandgaps of 0.76 and 0.96 meV are opened 
at the A and B points by SOC, respectively. Although these 
values are much larger than that of graphene, the influences 
of SOC for bct-C16 are still considerably weak, and can be 
neglected at temperatures higher than 11 K, implying that the 
topological node-line state in bct-C16 is robust, unless either 
one of the time-reversal and spatial inversion symmetry is 
broken or both are simultaneously broken.

To guide experimental observation, the X-ray diffrac-
tion (XRD) patterns of bct-C16 with wavelength 1.5406 Å 
are simulated. The results are plotted in Figure 5, where they 
are compared with those of graphite, diamond, bco-C16, as 
well as the experimental data from the detonation soot.[51] 
One can see that two strong peaks at 2θ = 27.0° and 29.7° 
correspond to the bct-C16 (11) and (100) diffraction, respec-
tively, which are different from the diamond (111) diffrac-
tion at 43.8°, but very close to the graphite (002) diffraction 
at 26.2° and bco-C16 (101) diffraction at 29.2°. Remarkably, 
similar to the bco-C16 (101) diffraction, our simulated XRD 
patterns show that the (100) diffraction peak of bct-C16 also 
perfectly matches the 30° diffraction peak in the detona-
tion soot, which do not correspond to any previously known 
carbon phases. These results suggest that bct-C16 is a likely 
candidate structure for the unknown carbon phase in the 
detonation soot. Since the basic building block of bct-C16 is 
tetraring, the cyclobutadiene (the simplest carbon four-mem-
bered ring organic molecule: C4H4) can be considered as a 
precursor to synthesize the fascinating bct-C16 phase via the 
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Figure 5. X-ray diffraction (XRD) patterns. a) Simulated XRD patterns 
of bct-C16 compared with diamond, graphite, and bco-C16, the XRD 
wavelength is 1.5406 Å. b) Experimental XRD patterns for detonation 
soot.[51]
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dehydrogenation. This is analogous to the CNTs synthesized 
directly by using dehydrogenated benzene molecule.[52,53] 
Indeed, our calculated energy results confirm that the dehy-
drogenation process of C4H4 (4 C4H4 (−46.557 eV per mole-
cule) → bct-C16 (−136.619 eV per unit cell) + 8 H2 (−6.771 eV 
per molecule)) is an exothermic reaction, implying that the 
suggested method is thermodynamically allowed. In addition, 
we also note that there is a negative slope (k1 = −0.203) of the 
tangential line between the energy–volume curves of bct-C16 
and CNT(4,4) (see Figure S5 in the Supporting Information 
for details), suggesting that the bct-C16 could be also formed 
from CNT(4,4) via pressure (about 32.5 GPa) induced struc-
tural phase transition.[54]

In conclusion, we predict a new body-centered tetragonal 
carbon allotrope named the bct-C16 that consists of tetrar-
ings. The results of total energy, phonon spectra, and elastic 
constants as well as molecular dynamics simulations indicate 
that although the bct-C16 phase is energetically metastable 
as compared to graphite and diamond, it is dynamically and 
mechanically stable at zero pressure and room temperature, 
and it can withstand temperature up to 1000 K. Both first-
principles calculations and TB model study of electronic 
band structure confirm that bct-C16 is a 3D topological node-
line semimetal with bulk flat bands, and the SOC in bct-C16 is 
very weak and does not affect the flat surface states, making 
bct-C16 topologically robust. Our work not only predicts the 
existence of 3D topological semimetallic carbon allotropes 
consisting of other member rings, but also provides a likely 
crystalline structure for the unknown phase produced in the 
detonation soot.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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