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Carbon can form versatile allotropes due to its multiple bonding connections and the predic-
tion of new carbon structures and properties has long been a hot topic. In 1983, Hoffmann et al
[J. Am. Chem. Soc. 105, 4831 (1983)] have reported an all-sp? hybridized carbon allotrope with a 16-atom
body-centered-tetragonal unit cell in 14, /amd (D)) symmetry, which is dubbed as cT16 carbon in this work.
Here we report by ab initio calculations a systematical study on the structural, energetic, dynamical, and
electronic properties of cT16 carbon. Interestingly, cT16 carbon is linked with all-ten-membered carbon rings.
The phonon band spectrum calculations confirm its dynamical stability and ab initio molecular dynamics
simulations prove its thermal stability up to 900 K. Previously ¢T16 carbon was widely considered as a simple
metallic carbon. However, our detailed electronic band structures calculations reveal that cT16 is actually a
topological nodal line semimetal with a large closed nodal ring centering the high-symmetric I point. It nearly
encloses the entire £, = 0 mirror plane, thus the drumheadlike surface bands can nearly cover the entire projected
(111) surface Brillouin zone, which makes cT16 carbon an ideal nodal line semimetal. The simulated X-ray
diffraction pattern of cT16 carbon matches well with one of the previously unexplained experimental peaks
found in the diamond rich coatings grown on the stainless steel substrate. Our findings have provided insight
for this well-known cT16 carbon, enriched the family of carbon allotropes with exotic topological electronic
properties, suggested a viable route for its synthesis, and also provided an reasonable explanation for previous

experimental data.
DOI: 10.1103/PhysRevB.107.245111

I. INTRODUCTION

Carbon can form diverse allotropes due to its ability
to form sp, sp?, and sp* hybridized carbon-carbon bonds
[1]. Searching for new carbon allotropes with multiple ex-
perimental and theoretical techniques has long been an
important subject in condensed matter physics and materials
science. The zero-dimensional (OD) fullerene (Cgg) [2], one-
dimensional (1D) carbon nanotube [3], and two-dimensional
(2D) graphene [4] are the most classical examples of the
experimentally synthesized carbon allotropes. Very recently
the two-dimensional and three-dimensioanl (3D) fullerene
networks have been synthesized in multiple forms [5,6],
which stir the interests of discovering more possible car-
bon phases. In recent years a series of carbon allotropes
have also been proposed via ab initio calculations [7-12]
and many of them have been included in the international
database SACADA [13,14], and a highly efficient structural
search method for carbon allotropes based on the labeled quo-
tient graph has been developed [15,16]. An intriguing class
of carbon phases are carbon allotropes with all-n-membered
rings (n € Z), such as the all-sp® hybridized diamond, and
previously proposed diamondlike carbon BC8 [17], BC12
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[18], R16 [19], and O16 [20] with all-six-membered rings;
all-sp® hybridized pentadiamond BC14 [21] and all-sp? hy-
bridized pentagraphite mpg-Cg [22] with all-five-membered
rings.

Topological materials, including topological insulators
(TIs) [23], topological superconductors (TSCs) [24,25], and
topological semimetals (TSMs) [26] have been attracting
tremendous research interests due to their protected boundary
states and prospects for the future applications in quan-
tum devices. The topological quantum chemistry [27] and
symmetry-based indicator theory [28-31] have been estab-
lished for the fast diagnosis of topological materials. The
study of topological materials start from the gapped TIs and
TSCs, and then extend to the gapless TSMs. The typical
TSMs include the Weyl semimetals with twofold degenerate
Weyl points coming in pairs [32-34], and Dirac semimetals
with fourfold degenerate Dirac points [35-37], and nodal line
semimetals with continuous line of band crossing nodes inside
the first Brillouin zone (BZ) [38—43]. Among the three basic
types, topological nodal line semimetals featuring the nearly
flat topologically nontrivial surface states inside or outside the
projected nodal lines, are often the precursors of other topo-
logical phases with proper added terms in the Hamiltonian
[42]. Beyond the three fundamental types of TSMs, a series
of emergent “new fermions” have been discovered in solids
[44—49] and an “encyclopedia” of the emergent fermions have
also been proposed [49].
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All-carbon based systems also host very rich topological
phenomena. For example, the 2D graphene is a well-known
Dirac semimetal [50], and a series of 3D carbon allotropes
are proposed to be topological nodal line semimetals [51-66].
The fundamental types of topological nodal lines in all-carbon
networks include A-type with closed nodal rings, such as
in all-sp? hybridized MTC [52], bco-Cig [53], and bct-Cig
carbon [54]; and B-type with two separate nodal lines such
as in sp?-sp® hybridized ign-Cy [55], so-C;» [57], and 0C24
carbon [56]. Some carbon allotropes with topological nodal
lines are also revealed to hold good transport properties,
for example the HZGM-42 carbon [61] is proposed to be a
promising anode material for lithium-ion batteries and 0C46
carbon [62] for sodium-ion batteries. The study for the topo-
logical physics in all-carbon materials never ceases and many
new topological states have been proposed in all-carbon based
materials, including unconventional nodal line configurations
such as nodal net in bct-Cyg carbon [66], hybrid nodal chain
in oP-Cy4 carbon [65]; higher-order topological states such as
second- order topological insulator in 2D graphdiyne [67,68],
and second-order real nodal line semimetals in 3D graphdiyne
[69]. Also, topological flat band and fragile topology [70-75]
in “magic angle” twisted bilayer graphene [76-79], which
indicates that carbon is a playground for the exploration of
topological physics and more topological states are yet to be
discovered.

In 1983, an all-sp? hybridized carbon allotrope with a
16-atom body-centered tetragonal unit cell in 14, /amd (D}j)
symmetry (space group No. 141), which is dubbed as cT16
carbon in the present paper was proposed by Hoffmann et al.
[80]. In this work, we perform a systematical study on the
structural, energetic, dynamical, and electronic properties on
this carbon phase with ab initio calculations. Interestingly,
the carbon atoms in cT16 carbon form all-ten-membered
carbon rings. The dynamical stability of ¢T16 carbon has
been confirmed with phonon band spectrum calculations and
the thermal stability of cT16 carbon up to 900 K has been
confirmed with ab initio molecular dynamics simulations.
Previously c¢T16 carbon was widely thought to be a sim-
ple metallic carbon phase [80], however, our detailed band
structure calculations show that ¢T16 carbon is actually a
topological nodal line semimetal with a closed A-type nodal
ring centering the high-symmetric I" point protected by the
spatial inversion (P) and time reversal (7)) symmetries, and
restricted onto the k, = 0 mirror plane due to the M, mirror
symmetry. Although the proposals for carbon allotropes with
A-type nodal rings are already comprehensive, the nodal ring
in ¢T16 carbon encloses nearly the entire k, = O mirror plane,
which is the largest nodal ring among the yet reported carbon
phases with A-type nodal rings [52-54,59,64]. Thus, the pro-
jected surface BZ is nearly covered entirely by the nearly flat
topologically nontrivial surface states, manifesting that cT16
carbon is an ideal platform for the study of flat band physics,
superconductivity and electronic correlations [81,82]. The
simulated x-ray diffraction (XRD) pattern of cT16 carbon
matches well with one of the experimental peaks found in
the diamond rich coatings grown on the stainless substrate
[83], while the peak is unexplained in previous theoretical
proposals [20,64]. Our findings have provided insights for
the physical properties of this well-known carbon allotrope,
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FIG. 1. (a) The unit cell of cT16 carbon with lattice parameters
a=b=235468 A and c = 8.5829 A. There is only one kind of
carbon atoms occupying the 164 (0.0, 0.0, 0.9142) Wyckoft posi-
tion. There are two kinds of bond lengths of d; = 1.472 A and
d, = 1.423 A. (b) The phonon band spectrum and phonon density
of states (PDOS) for cT16 carbon. There is no imaginary frequency
in the entire BZ and PDOS.

provided an reasonable explanation for the previously un-
explained experimental data, and shed light on the possible
synthesis root for cT16 carbon.

II. COMPUTATIONAL METHOD

Our ab initio calculations are performed with the Vienna ab
initio simulation package ( VASP ). The generalized gradient
approximation (GGA) [84] developed by Armiento-Mattsson
(AMOS) [85] is used as the exchange-correlation potential.
The all-electron projector augmented wave [86] method is
used and the 25?2p” electrons are treated as valence elec-
trons. We use a plane-wave basis set with an energy cutoff of
800 eV. The BZ is sampled with a 8 x 8 x 8 Monkhorst-Pack
k-point grid. The geometries are optimized with symme-
try constraints until the remaining atomic forces are less
than 10~ eV/A and the energy convergence criterion is
set to 107® eV. Electronic band structures are calculated
using the GGA-Perdue-Burke-Ernzerhof method [87] and
checked with the Heyd-Scuseria-Ernzerhof hybrid functional
[88] method. Phonon band structures and force constants cal-
culations are performed using the phonopy package [89] with
the finite displacement method. To further explore the topo-
logical electronic properties of this carbon allotrope, we have
built tight-binding (TB) models with the maximally localized
Wannier functions (MLWFs) implemented in the Wannier90
package [90,91]. Based on the constructed TB models, we
have calculated topological invariants and the topological sur-
face states using the WannierTools package [92].

III. RESULTS AND DISCUSSIONS

We firstly present the crystalline structures of cT16 carbon.
The unit cell of cT16 carbon is presented in Fig. 1(a). The
cT16 carbon is in an all-sp* hybridized carbon network with
16 carbon atoms in 14;/amd (D)) symmetry (space group
No. 141). The lattice parameters for cT16 carbon area = b =
3.5468 A, and ¢ = 8.5829 A. There is only one kind of carbon
atom occupying the 164 (0.0, 0.0, 0.9142) Wyckoff position.
There are two kinds of bond lengths of d; = 1.472 A and
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FIG. 2. The energy versus volume per atom for cT16 carbon,
comparing with diamond, graphite, and the previously reported
BC12 [18], BC8 [17], R16 [19], and O16 carbon [20] with all-six-
membered carbon rings, BC14 [21] and mpg-Cg carbon [22] with
all-five-membered carbon rings, bct-Cis [54], oP16 [64], bco-Ci6
[53], ors-Cy¢ [59], and HZGM-42 carbon [61] with topological nodal
lines.

dr, = 1.423 A. Interestingly, cT16 carbon can be visualized as
the interconnections of all-ten-membered carbon rings as col-
ored in yellow in Fig. 1(a). Along with the diamondlike BC8
[17], BC12[18],R16 [19] and O16 [20] carbon comprising of
all-six-membered carbon rings; pentadiamond BC14 [21] and
pentagraphite mpg-Cg [22] comprising of all-five-membered
carbon rings, these carbon allotropes with all-n-membered
(n € Z) carbon rings form a rare family among the proposed
carbon phases.

Figure 2 shows the calculated energy versus volume per
atom for cT16 carbon, comparing with diamond, graphite,

and previously reported BC12 [18], BC8 [17], R16 [19], and
O16 carbon [20] with all-six-membered carbon rings; BC14
[21] and mpg-Cg carbon [22] with all-five-membered carbon
rings; bct-Cig [54], oP16 [64], bco-Cig [53], ors-Cig [59],
and HZGM-42 carbon [61] with topological nodal lines. The
equilibrium energy for cT16 carbon is about —8.49 eV /atom.
The energy stability of the above carbon allotropes obeys
the following sequence: BC12 < BC8 < bct-Cig < cT16 <
R16 < BCl14 < O16 < mpg-Cg < oP16 < bco-Cjg <
ors-Cjg < HZGM-42 < diamond < graphite. By fitting the
energy versus volume curve using the Murnaghan equation of
states [93], the bulk modulus B, for cT16 is calculated to
be 216 GPa. We list the structural parameters (including the
lattice parameters, volume, bond lengths, bulk modulus B,
and calculated band gaps) for the above structures in Table I,
along with the available experimental data for diamond [94].

To check the mechanical stability of cT16 carbon, we
have calculated the elastic constants of cT16 carbon as C;; =
451 GPa, C33 = 1217 GPa, C44 = 363 GPa, C(,6 =209 GPa,
C1» = 410 GPa, and C;3 = 75 GPa, which satisfies the criteria
of the mechanical stability for tetragonal phase [95] as C; >
0,C33>0,C44 >0,Ce6 >0, (C11 —C12) >0, (Ci1 +C33 —
2C13) > 0, [2(Cy1 + C2) 4 C33 +4C3] > 0. To examine the
dynamical stability of cT16 carbon, we have calculated the
phonon band spectrum and phonon density of states (PDOS)
as shown in Fig. 1(b). The highest phonon vibrational fre-
quency is about 1500 cm™! locating at the high-symmetric
I' point. There is no imaginary frequency in the entire BZ
and PDOS, thus confirming the dynamical stability of cT16
carbon.

To confirm the thermal stability of cT16 carbon, we have
performed ab initio molecular dynamics (AIMD) simulations
using a 2 x 2 x 1 supercell with 64 carbon atoms. We have
used the canonical (NVT) ensembles at the temperature of
300, 600, and 900 K by the Nosé thermostat [96] with the
step of 1 fs. The energy fluctuations at 900 K are shown in
Fig. 3, while the simulation results for 300 K and 600 K
are given in Fig. S1 of the Supplemental Material [97]. After

TABLE I. Calculated equilibrium structural parameters (space group, lattice parameters a, b, and ¢, angle «, volume per atom Vp, bond
lengths dc_c), total energy Ei, per atom, electronic band gap E,, and bulk modulus (B) for diamond, BC8 [17], BC12 [18], R16 [19], O16
[20], BC14 [21], mpg-Cg [22], bet-Cg [54], 0P16 [64], bco-Cg [53], ors-Cie [59], HZGM-42 [61], and cT16 carbon at zero pressure, compared

to available experimental data [94].

Structure ~ Space group  Method ady bA A a®) VNWA) dec@A)  Eq(V) E (V) By (GPa)
Diamond Fd3m AMO5 3.552 5.60 1.538 —9.018 5.36 451
Exp [94] 3.567 5.67 1.544 5.47 446
BC8 1a3 AMO5 [18]  4.443 5.48 1.617 —8.340 3.58 407
BCI2 la3d AMO5 [18]  5.139 5.66 5.66 1.574 —8.134 2.98 429
R16 R3c AMO5 [19] 4514 90.88 575  1.466-1.755 —8.505 4.45 386
016 Pbcn AMO5 [20]  4.405 4740 4.384 564  1.493-1730 —8.546 4.07 417
BCl14 12,3 AMO5 [21]  5.545 6.09 1.498-1.824 —8.517 5.64 386
mpg-Cs C2/m AMO5 [22] 6389  7.053  3.299 8.07 1364-1.493 —8.568 Semimetal 285
bet-Cig I4,/amd ~ AMO5 [54]  6.592 6592 3.377 9.17 1.362-1.438 —8.539  Semimetal 165
oP16 Pcca AMO5 [64]  4.646 4277 5.133 6.37 1.353-1.691 —8.570  Semimetal 370
bco-Cg Imma AMO5 [53]  7.806  4.877 3.237 770  1.382-1459 —8.671  Semimetal 315
ors-Cig Ccem AMO5 [59] 3318 8372 4915 8.02 1.421-1.438 —8.810 Semimetal 298
HZGM-42  P63/mcm  AMO5 [61] 16750 16750 2458 120  14.22  1.413-1.520 —8.980  Semimetal 169
cT16 14, /amd AMO5 3.547  3.547 8.583 6.87 1.423-1472 —8492  Semimetal 216
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FIG. 3. The energy fluctuations of cT16 carbon during the AIMD
simulations at the temperature of 900 K using a 2 x 2 x 1 supercell.
The inset structures show the crystalline structures at step 1000
and 4000.

heating up the system for 5 ps, there is no obvious structural
change occurs. Some carbon atoms may slightly deviate from
the initial equilibrium positions, but they are expected to go
back to the initial equilibrium positions after proper structural
relaxations, which indicates that cT16 is a stable carbon phase
even at the high temperature of 900 K.

Next we discuss the electronic properties of cT16 carbon.
Fig. 4(a) shows the calculated bulk band structures of cT16
carbon. It can be seen that there are some band crossing points
around the Fermi level (Er) along the high-symmetric I"-T,
T-Y, and I"-Y directions due to the band inversion mechanism
[23-26] with opposite parities and M, mirror eigenvalues.
Previously, ¢cT16 was widely thought as a simple metallic
carbon [80]. However, the detailed analysis of the band struc-
tures in the 3D BZ shows that ¢T16 carbon is a topological
nodal line semimetal with an A-type closed nodal ring center-
ing the high-symmetric I" point in the k, = 0 mirror plane,
which is like the previously proposed MTC [52], bco-Cig
[53], bct-Cyg [54], oP16 [64], and ors-C;¢ carbon [59], as

(a) (b)
4

Energy (eV)

shown in Fig. 4(b). Notably, the nodal ring in ¢cT16 carbon
nearly encloses the entire k, = 0 mirror plane, indicating that
cT16 carbon holds the largest close nodal ring among the yet
proposed carbon allotropes with A-type nodal rings.

The nodal ring in ¢T16 carbon is enforced due to the band
inversion mechanism [23-26] and protected by P7T symme-
tries, and restricted onto the k, = 0 mirror plane due to the M,
symmetry. To further understand the topological origin of the
nodal ring in cT16 carbon, we have calculated the symmetry-
based indicators Z3 224 = (221, 22.2, 22.3, 24) by counting the
parities at the time reversal invariant momenta (TRIM) points
for the occupied states, which can be expressed as [28-31]:

wi= Y MEENE L,

2
KcTRIM
at{k;=m)
N_(K) — N (K
4 = Z # mod 4. D
KeTRIM

N, (K) (N_(K)) means the number of bands with even (odd)
parities at the TRIM points, which are given in Table S1 in the
Supplemental Material [97]. In this case, the symmetry-based
indicators for cT16 are calculated to be (22,1, 22,2, 22,3, 24) =
(0, 0,0, 1). Then according to Ref. [30], there may be a nodal
ring in the k; = 0 (i = x, y, z) plane. Thus the nodal ring in the
k; = 0 mirror plane can be understood from the symmetry-
based indicator perspective.

To further understand the electronic properties of cT16
carbon, we have calculated the orbital projected density of
states for cT16 carbon as shown in Fig. S2(a) in the Supple-
mental Material [97]. Meanwhile, we have also performed a
fat band analysis to show the orbital contributions for the band
structures of cT16 carbon as shown in Fig. S2(b)-2(d) of the
Supplemental Material [97]. The electronic states around the
Ep are mainly contributed by the carbon p, orbitals. Then
we have built a four-band TB model based on the carbon
pyx orbitals using the MLWFs as shown in Fig. S2(e) of the
Supplemental Material [97]. It is well-know that, when the
nodal line is projected onto a certain plane, there should be a
drumheadlike topologically nontrivial surface state inside the
nodal line [39,41,42,98]. Based on the established TB models,
we have calculated the (111) surface states using the iterative

Green’s function method along the projected T-I"-Y direction
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FIG. 4. (a) The bulk band structures of cT16 carbon. The Fermi level (Er) is set to zero; (b) The first BZ and an A-type closed nodal ring
of cT16 carbon, which is nearly enclosing the entire k, = 0 mirror plane (shaded with yellow); (c) The (111) topological surface state (TSS)

of cT16 carbon along the projected T-I"-Y path.
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FIG. 5. (a) The simulated x-ray diffraction pattern (XRD) for
c¢T16 carbon, comparing with diamond, graphite, bct-Cy6 [54], beo-
Cie [54], BC14 [21], and oP16 carbon [64]; (b) The experimental
data obtained from the diamond rich coatings on the stainless steel
substrate [83]. The x-ray wavelength is 1.5406 A with a copper
source.

[Fig. 4(c)]. The surface states along the projected T-T and
T-Y directions show similar dispersions due to the fourfold
rotational symmetry of the k, = 0 mirror plane, and can be
seen inside the nodal ring connecting the two Dirac points
and nearly covering the entire projected BZ, which can be
detected using the angle resolved photoemission spectroscopy
technique [99].

Finally, to make a connection with experiment, we have
simulated the XRD pattern of ¢cT16 carbon, along with dia-
mond, graphite, and previously reported bct-C g [54], bco-Cig
[53], BC14 [21], and oP16 carbon [64], and compare with
the experimental XRD data obtained from the diamond rich
coatings grown on the stainless steel substrate [83], as shown
in Fig. 5. The (101) peak of cT16 carbon around 37° matches
with one of the experimental peaks, which is unexplained
in the previous theoretical proposals [20,64], indicating that
c¢T16 carbon may be one of the findings discovered in this
experiment, and also provide an viable route for the synthesis
of cT16 carbon.

IV. SUMMARY

In summary, based on ab initio calculations, we have
performed systematic studies on the structural, energetic, dy-
namical, and electronic properties for the all-sp® hybridized
cT16 carbon. Phonon spectrum calculations and ab initio
molecular dynamics simulations show that cT16 is a dynam-
ically and thermally stable carbon phase. Electronic band
structure calculations show that cT16 is a topological nodal
line semimetal holding the largest nodal ring among the
reported topological carbon phases. The XRD pattern of
c¢T16 carbon matches well with one of the experimental
peaks found in the diamond rich coatings on the stain-
less steel substrate, indicating that cT16 may be one of the
modifications found in the experiment. Our findings have
provided new insights for the physical properties of this well-
known cT16 carbon, identified a carbon allotrope with the
largest nodal ring, and shed light on its possible synthesis
route.
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