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Pentagraphite Cg: An all-sp? topological nodal-line semimetal
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Recent research predicted stable two-dimensional pentagraphene in sp’-sp* bonding states and three-
dimensional pentadiamond (BC14) in all-sp® bonding states, both comprising five-membered carbon-ring
networks and exhibiting semiconducting character with sizable electronic band gaps. Here we identify by

ab initio calculations an all-sp?> carbon allotrope, also comprising the unusual five-membered rings as the
basic structural units, with an eight-atom monoclinic primitive cell in C2/m (Cj,) symmetry, termed mpg-Cs
pentagraphite. Total-energy calculations show that mpg-Cg is more stable than or comparable to the previously
reported all-sp*> rh6 polybenzene and all-sp® BC14 pentadiamond. Electronic band calculations reveal that
mpg-Cg is a topological nodal-line semimetal protected by the inversion (P) and time reversal (7') symmetry,
comprising two nodal rings centered at the I" and M points in the bulk first Brillouin zone and one projected
surface flat band around the Fermi level on its (010) surface. These results establish a distinct type of carbon
phase with nontrivial topological properties and offer insights into its outstanding electronic properties.

DOLI: 10.1103/PhysRevB.104.245143

I. INTRODUCTION

Besides the well-known all-carbon structural phases of
graphite and diamond, the past few decades have seen more
than 500 carbon allotropes [1-31] that have been theoretically
predicted or experimentally synthesized under laboratory con-
ditions. Most notable among these carbon allotropes are
carbon nanotubes [3], fullerenes [4], graphene [5], graphdiyne
[12-14], and pentagraphene [28]. In addition, the super-
cubane (cub-Cg) carbon phase was theoretically predicted
[32] and then synthesized from amorphous carbon films using
a pulsed-laser induced liquid-solid interface reaction [33]; a
rhombohedral crystalline modification of graphite (termed rh6
polybenzene) [34] in an all-sp? bonding network was sug-
gested by ab initio calculations and confirmed experimentally
in the milled fullerene soot [35]; and an all-sp® bonded full-
fledged pentadiamond (BC14) [36] was reported to be present
in carbon soot [37]. Two-dimensional (2D) pentagraphene
in spz-sp3 [28] bonding states and three-dimensional (3D)
BC14 pentadiamond in all-sp® bonding networks [36], both
comprising five-membered rings, have been predicted to be
a semiconductor or insulator. Moreover, recent theoretical
studies suggested that all-sp? or mixed sp’>-sp® carbon net-
work structures [38-55] can be novel topological nodal-line
semimetals (NLSMs).

Topological NLSMs are a fascinating class of quantum
materials that possess extraordinary electronic and transport
properties [56—69]. Generally, 3D allotropes of carbon formed
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by graphene networks can support two types of topological
NLSM states [50]: type A that has closed nodal rings in-
side the first Brillouin zone (BZ) and type B that has nodal
lines traversing the whole BZ. Nearly all-sp?> hybridized al-
lotropes tend to host the A-type closed nodal rings, such as
Mackay-Terrones carbon crystal (MTC) [38], body-centered
orthorhombic Cj¢ (bco-Cie) [43], body-centered tetragonal
Ci6 (bct-Cig) [44], and base-centered orthorhombic Cj¢ (ors-
Ci6) [52], while the sp?-sp® hybridized allotropes tend to
host the B-type periodic nodal lines, such as interpenetrated
graphene network Cg (ign-Ce) [40], simple orthorhombic C;,
(s0-Cy) [45], and orthorhombic C,4 (0C24) [46]. Further-
more, a monoclinic Cyy (mrs-Cpy) [53] was proposed to adopt
an all-sp?> hybridized network but holds the B-type paired
nodal lines; meanwhile, an sp?-sp> hybridized orthorhom-
bic Cis (0P16) carbon allotrope [54] was reported to host
two A-type closed nodal rings on the k,=0 and 7 mir-
ror planes. These topological nodal lines are protected by
a combinational symmetry of spatial inversion (P) and time
reversal (T') [38].

In this paper, we present by ab initio calculations a distinct
type of carbon allotrope comprising five-membered rings in
an all-sp? bonding network. This carbon structure has an
eight-atom monoclinic primitive cell in C2/m (C;,) symmetry,
thus termed mpg-Cg pentagraphite. Its dynamic stability has
been confirmed by phonon mode analysis. Total-energy cal-
culations show that this structure is energetically more stable
than or comparable to the previously reported all-sp* BC14
pentadiamond [36] and all-sp?> rh6 polybenzene [34]. Elec-
tronic band calculations indicate that it is a topological NLSM
protected by PT symmetry, comprising two nodal rings

©2021 American Physical Society
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(a)

FIG. 1. (a) Crystalline structure of mpg-Cs pentagraphite in C2/m (Cj,, no. 12) symmetry. It has a 16-atom monoclinic unit cell constructed
by two double-pentagonal rings with lattice parameters a = 6.389 A, b = 7.053 A, ¢ = 3.299 A, and 8 = 119.65°, occupying the 8 (0.7738,
0.1674, 0.1257), 4i (0.6122, 0.0, 0.0234), and 44 (0.0, 0.1, 0.5) Wyckoff positions denoted by C;, C,, and Cs, respectively. Here d;, d,, and
d; indicate the bond lengths of the C3=C3 double bonds, C;-C, and C,-C; single bonds in the double-pentagonal rings; ds and ds indicate the
double bond lengths of C;=C, and C,=C, between the double-pentagonal rings, respectively. (b) An eight-atom monoclinic primitive cell in
C2/m symmetry. (c) Electron localization function (ELF) map for mpg — Cg pentagraphite with an isosurface level of 0.75. (d) Partial charge
density distribution of the topmost valence band with an isosurface level of 0.04 /A, mainly coming from the p. orbitals of the C; and Cs
atoms. The structure in (c) and (d) is plotted along the z direction, which is topologically corresponding to the 2D carbon pentaheptite [79].

centered at the I' and M points in the bulk first BZ. Mean-
while, when the nodal rings in the bulk are projected onto its
(010) surface BZ, they produce one topologically protected
surface flat band around the Fermi level. Moreover, simulated
x-ray diffraction patterns of mpg-Cg pentagraphite as well as
rh6 polybenzene provide an excellent match to the previously
unexplained distinct diffraction peaks found in carbon soot
[70]. These results establish a distinct topological semimetal
among carbon allotropes.

II. COMPUTATIONAL METHODS

Our calculations are carried out using the density func-
tional theory as implemented in the Vienna ab initio
simulation package (VASP) [71]. The generalized gradient ap-
proximation (GGA) developed by Armiento and Mattsson
(AMOS) [72] is adopted for the exchange-correlation poten-
tial. A plane-wave basis set with a large energy cutoff of
800 eV is used. The all-electron projector augmented wave
(PAW) method [73] is adopted with 252p? treated as va-
lence electrons. Convergence criteria employed for both the
electronic self-consistent relaxation and the ionic relaxation
are set to 107%eV and 0.01 eV/A for energy and force,
respectively. A hybrid density functional method based on
the Heyd-Scuseria-Ernzerhof scheme (HSE06) [74] is used
to calculate electronic band structures. Phonon calculations
are performed using the PHONOPY package [75]. The topo-
logical invariant and surface states are calculated using the
WANNIERTOOLS package [76] based on the maximally local-
ized wannier functions (MLWFs) method with WANNIER90
[77,78].

III. RESULTS AND DISCUSSION

We first present structural characterization of the new mpg-
Cs carbon allotrope. As shown in Fig. 1(a), it has a 16-atom
monoclinic unit cell comprising two double-pentagonal rings
connected by ethene-type (H,C = CH;) 7 conjugation [2].
The lattice parameters are estimated to be a = 6.389 A, b=

7.053 A, ¢ =3.299 A, and B = 119.65°, occupying the 8
(0.7738, 0.1674, 0.1257), 4i (0.6122, 0.0, 0.0234), and 4h
(0.0, 0.1, 0.5) Wyckoff positions denoted by C;, C,, and
C;3, respectively. There are three bond lengths 1.411 A (dy),
1.493 A (d,), and 1.440 A (d3) associated with C3=C3 double
bonds and C;-C, and C;-C; single bonds in the double-
pentagonal rings, and two distinct bond lengths 1.374 A (dy)
and 1.364 A (ds) associated with C;=C; and C,=C, dou-
ble bonds between the double-pentagonal rings, respectively.
Also, there are three bond angles 104.54° for £C;-C,-Cy,
102.78° for ZC,-Cy-Cz, and 109.28° for ZC;-C3=Cj in
the double-pentagonal rings; and three bond angles 141.45°
for £Cy-C3-Cy, 127.74° for £C;-C;-C,, and 128.77° for
ZC;-C;-C3 out of the double-pentagonal rings, respectively.
These bond angles are averaged and equal to 119.09°, close
to 120° in graphite with a large bond length range from
1.364 to 1.493 A, similar to the bonds in all-sp?> rh6 poly-
benzene [34] (see Table I). The primitive cell is given in
Fig. 1(b). It has an eight-atom monoclinic primitive cell with
lattice parameters a = 4.759 A, c =3.297 10%, o = 109.40°,
and y = 95.67°. As shown in Figs. 1(c) and 1(d), this new 3D
mpg-Cg carbon structure is topologically corresponding to the
planar carbon pentaheptite (consisting of pentagons and hep-
tagons) [79] and can be derived from carbon pentaheptite with
one C-C bond breaking in each heptagon, obeying the Wells
approach [80].

To understand the bonding nature of electrons in mpg-Cg
carbon, we have calculated the electron localization func-
tion (ELF). The ELF maps can give a clear and quantitative
description on the basic chemical bond (high ELF values
1 > ELF > 0.5 indicate the formation of covalent bonds)
[81]. We plot the ELF map in Fig. 1(c) with an isosurface
level of 0.75. It is seen that the electrons are well localized
between the carbon-carbon bonds, showing a strong cova-
lent bonding nature in this all-sp”> mpg-Cg carbon network
structure.

Figure 2 shows the calculated total energy of mpg-Cg car-
bon as a function of volume per atom in comparison with
the results for the all-sp? rh6 polybenzene [34], bco-C 6 [43],
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TABLEI. Calculated equilibrium structural parameters (lattice parameters a, b, and ¢, volume per atom Vj, bond lengths d¢-_¢), total energy
per atom Ey, bulk modulus By, and electronic band gap E, for graphite, diamond, BC14, cub-Cg, rh6, bco-Cj¢, ors-Cs, mrs-Co4, and mpg-Cs

pentagraphite, compared to the reported data [29,34,36,37,43,52,53,83].

Structure ~ Space group ~ Method ad)y bA c(A) Vo (A3) de_c (A) Ew (€V) By (GPa)  E,(eV)
Diamond  Fd3m AMO5 3.552 5.60 1.538 —9.018 451 5.36
EXP [83] 3.567 5.67 1.544 446 5.47
BCl4 12,3 AMO5 [36]  5.545 6.09 1.498-1.824  —8.517 386 5.64
EXP [37] 5.545
cub-Cq Im3m AMO5 [29]  4.853 7.15 1.470,1.578  —8.355 323 4.17
thé R3m AMO5 [34] 6902  3.470 7.96 1.359,1.483  —8.550 291 0.47
beo-Cie Imma AMO5 [43]  7.806  4.877  3.237 7.70 1.382-1.459  —8.671 315 NLSM
ors-Cie Ccem AMO5[52] 3318 8372 4915 8.02 1.421-1.438  —8.810 298 NLSM
mrs-Cyy P2/m AMO5 [53] 4921 3421 12611 8.30 1.417-1.441 —8.882 290 NLSM
mpg-Cs C2/m AMO5 6389  7.053  3.299 8.07 1.364-1.493  —8.568 285 NLSM
Graphite P63 /mmc AMO5 2462  6.710 8.81 1.422 —9.045 280
EXP [83] 2460  6.704 8.78 1.420 286

ors-C [52], mrs-Coy [53], all-sp? cub-Cg cubane [29], all-sp?
BC14 pentadiamond [36], diamond, and graphite. The results
show that mpg-Cg carbon is energetically less stable than bco-
Ci6, ors-Cg, mrs-Cpy, diamond, and graphite, but more stable
than the reported cub-Cg supercubane, BC14 pentadiamond,
rh6 polybenzene, and 2D pentagraphene [28], suggesting its
good energetic stability. The calculated equilibrium volume is
8.07 A3 /atom for mpg-Cg, which is larger than 6.09 A3 /atom
for BC14, 7.15 A3 /atom for cub-Cg, 7.70 A3 /atom for bco-
Ci6, and close to 7.9610\3/at0m for rh6, 8.02 A3/atom for
ors-Cs, while smaller than 8.30 A3 /atom for mrs-C,4 car-
bon. From the Murnaghan fit [82] of the total energy curves,
the bulk modulus (By) of mpg-Cg carbon is estimated to be
285 GPa, which is smaller than the value in all-sp® bonded
diamond, Cg cubane, and BC14 pentadiamond, but closer to
the value of 291 GPa for rh6 and 280 GPa for graphite in all-
sp? bonding, showing typical characters of an all-sp? bonding
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FIG. 2. Total energy as a function of volume per atom for
mpg-Cg pentagraphite in comparison with diamond, graphite, rh6
polybenzene [34], bco-C6 [43], ors-Cye [52], mrs — Cyy [53], cub —
Cg cubane [29], and BC14 pentadiamond [36]. The energy for 2D
pentagraphene [28] is also shown for comparison.

carbon structure. The calculated equilibrium structural param-
eters, total energy, band gaps, and bulk modulus values for
these carbon allotropes are listed in Table I, compared with
available experimental data [37,83].

To confirm the dynamical stability of mpg-Cg carbon, we
have calculated its phonon band spectrum and partial density
of states (PDOS). As shown in Fig. 3, the highest phonon
frequency is about 1616 cm™' at the Z point. Meanwhile, the
PDOS results indicate that the highest phonon bands around
1600 cm™! correspond to the C;=C; and C3=C; double
bonds and the peaks around 1400 cm~' mainly correspond
to the C,=C, double bonds. Below 1000 cm~', the phonon
spectrum comprises a mixing of contributions from the single
bonds of C;, C,, and C; atoms. No imaginary frequencies
exist in the entire BZ, confirming the dynamic stability of the
predicted mpg-Cg pentagraphite.

To examine the thermal stability of mpg-Cg carbon, we
have also performed ab initio molecular dynamics simu-
lations in the canonical (NVT) ensemble with the Nosé
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FIG. 3. Phonon band structures and PDOS for mpg-Cg carbon
at equilibrium lattice parameters. The full BZ and high symmet-
ric points are defined in Fig. 4(b). No imaginary frequencies exist
throughout the entire BZ, confirming the dynamic stability of mpg-
Cg carbon.
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FIG. 4. Calculated bulk and surface band structures of mpg-Cg
carbon at equilibrium lattice parameters. The Fermi level is set to
zero. (a) The bulk band structure along the M (—0.5, 0.5, 0.5), A
(0.0, 0.5, 0.0), T" (0.0, 0.0, 0.0), Z (0.0, 0.5, 0.5), V (0.0, 0.0, 0.5),
B (—0.406, 0.406, 0.606), M (—0.5, 0.5, 0.5), I" (0.0, 0.0, 0.0), N
(—0.406, 0.406, 0.0), and M (—0.5, 0.5, 0.5) high symmetric k points.
The bands near the Fermi level marked in red cross along the B-
M, M-T", I' — N and N-M directions. The projected density of states
(DOSs) are also given in (a). (b) The first BZ and high-symmetry
points, along with two nodal rings centered at the I' and M points in
the shaded mirror plane. The projected (010) surface BZ V-Z-M-A-T'
(left) is shown relative to the high symmetric V-Z-M-A-I" directions
in the bulk BZ, parallel to the k, = 0 mirror plane. Shown in (c) and
(d) are the topological surface states (TSSs) with beard type (c) and
zigzag type (d) terminations of the (010) surface. The surface flat
band can be inside (c) or outside (d) the surface projected nodal rings.

thermostat [84]. The energy fluctuations at 300 and 1200 K
with the structures after 5 ps simulation are presented in Fig.
S1 in the Supplemental Material [85]. After heating up to
1200 K for 5 ps, no structural changes occur. Some carbon
atoms deviate from the equilibrium positions appreciably,
but they can be relaxed back to the beginning optimized
structures. Combining the phonon and AIMD simulations, it
can be concluded that mpg-Cg has robust stability at room
temperature.

We next discuss the electronic properties of mpg-Cg car-
bon. Figure 4(a) shows the calculated band structures and
projected density of states (DOSs) without considering the
spin-orbit coupling (SOC), and it is seen that the bands near
the Fermi level (Efr) cross along the high-symmetric B-M,
M-T', T-N, and N-M directions. A detailed analysis of the
nodal points in three dimensions shows that there are two
nodal rings centered at the high-symmetric I' and M points
inside the first BZ and constrained in the k, = O mirror plane
[shaded with yellow in Fig. 4(b), including high-symmetric V,
B, M, N, and I" points]. The two nodal rings are enforced due
to the band inversion mechanism and protected by PT and
mirror symmetry. For an inversion symmetric system with-
out SOC, the symmetry-based indicators [86—88] Z3 224 =
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FIG. 5. (a) Simulated XRD patterns for graphite, diamond,
BC14, rh6, cub-Cg, and mpg-Cg pentagraphite. (b) Experimental
XRD patterns for the chimney soot [70]. The x-ray wavelength is
1.5406 A with a copper source. The red and blue arrows indicate the
relative patterns for mpg-Cg pentagraphite and BC14 pentadiamond,
respectively.

(22,1, 222, 22,3, 22,4) are utilized to indicate a nontrivial topo-
logical classification. In the present case, by counting the
parity eigenvalues at the maximal high-symmetric k points,
the symmetry-based indicator for mpg-Cg carbon is calculated
to be (1,1,1,0), which indicates that the k; = O ork; = 7 (i =
1, 2, 3) should be crossed by nodal lines for 2 mod 4 times
[88], thus the two nodal rings in k, = 0 plane for mpg-Cs
carbon can be understood from the symmetry-based indicator
theory. When SOC is considered, it is easy to check that
mpg-Cg carbon is a weak topological insulator with Z, index
as (0;1,1,1). Meanwhile, the projected DOSs [see Fig. 4(a)]
and band-decomposed partial charge density distribution [see
Fig. 1(d)] show that the states near Er are mainly coming from
the p, orbitals of the C; and C; atoms.

To understand the orbital contributions of the nodal lines,
we have performed an orbital character analysis by plotting
the fat band structures of mpg-Cg carbon for carbon p,, p,,
and p, orbitals [see Figs. S2(a)-S2(c) in the Supplemental
Material [85]]. It is clearly seen that the band structures
around the Er are mainly contributed by the carbon p, or-
bitals, which is consistent with the DOS calculations shown in
Fig. 4(a). To further explore the topological electronic proper-
ties of mpg-Cg carbon, we have constructed an eight-band TB
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model based on the carbon p, orbitals with MLWFs method
[77,78]. Then based on the established TB model, we have
simulated the (010) surface band structures using an iterative
Green’s function method [76]. When the surface termination
is a beard type [89], the drumheadlike surface states can be
seen inside the projected I' and M centered nodal rings [see
Fig. 4(c)]; when the surface termination is a zigzag type, the
drumheadlike surface states can be outside the projected T’
and M centered nodal rings [see Fig. 4(d)]. To confirm the
topological origin of the surface states, we have calculated the
Berry phases accumulated along three lines across the entire
BZ: two lines going through the two nodal rings separately
and another line outside the two rings [see Fig. 4(b)]. The
Berry phases are calculated to be m inside and O outside
the two nodal rings as indicated in Fig. 4(b), which gives
a topological classification, thus the topological nontrivial
drumheadlike surface states can be expected inside or outside
the two topological nodal rings.

Finally, to establish experimental connection of mpg-Cg
carbon, we have simulated its x-ray diffraction (XRD) spectra
along with those for graphite, diamond, rh6, cub-Cg, and
BC14 pentadiamond [see Fig. 5(a)], and compared the results
with experimental XRD data of carbon soot [70]. As shown
in Fig. 5(b), the measured XRD spectra reveal a considerable
amount of amorphous carbon and provide clear evidence for
several crystalline phases in the recovered specimen. The
prominent peak around 43.7°, matching that of the diamond
(111) diffraction, the main peak at 23° and small peak at 40°,
matching that of BC14 (110) and (211) XRD spectra; mean-
while, the most distinct feature of the measured XRD spectra
is a strong peak near 30°, which is attributed to the rh6 (101)
diffraction [34] and also match well with the (111)) main peak
for mpg-Cg carbon. These results suggest that mpg-Cg carbon
is a possible candidate of the new carbon phase observed in
the chimney carbon soot [70].

IV. SUMMARY

In summary, we have identified by means of ab initio
calculations a distinct type of monoclinic carbon allotrope
constructed by pentagonal rings in C2/m symmetry. This all-
sp* hybridized mpg-Cg pentagraphite is energetically more
stable than or comparable to the previously reported all-sp?
rh6 polybenzene [34] and all-sp® BC14 pentadiamond [36].
Electronic band calculations indicate that mpg-Cg is a topo-
logical nodal-line semimetal protected by inversion (P) and
time reversal (7') symmetry, comprising two nodal rings cen-
tered at the I' and M points in the bulk first Brillouin zone
and one projected surface flat band around the Fermi level
on its (010) surface. Moreover, simulated x-ray diffraction
patterns of mpg-Cg pentagraphite provide a good match to
distinct diffraction peaks found in carbon soot [70]. These
findings expand the realm of nodal manifolds in topological
semimetals and improve our understanding on the structural
and electronic properties of 3D carbon network structures
with pentagon units [90-92].
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