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tP40 carbon: A novel superhard carbon allotrope*
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In this work, a novel carbon allotrope P40 carbon with space group P4/mmm is proposed. The structural stability,
mechanical properties, elastic anisotropy, and electronic properties of P40 carbon are investigated systematically by using
density functional theory (DFT). The calculated elastic constants and phonon dispersion spectra indicate that the tP40 phase
is a metastable carbon phase with mechanical stability and dynamic stability. The B/G ratio indicates that P40 carbon is
brittle from 0 GPa to 60 GPa, while rP40 carbon is ductile from 70 GPa to 100 GPa. Additionally, the anisotropic factors and
the directional dependence of the Poisson’s ratio, shear modulus, and Young’s modulus of tP40 carbon at different pressures
are estimated and plotted, suggesting that the P40 carbon is elastically anisotropic. The calculated hardness values of P40
carbon are 44.0 GPa and 40.2 GPa obtained by using Lyakhov—Oganov’s model and Chen’s model, respectively, which
means that the tP40 carbon can be considered as a superhard material. The electronic band gap within Heyd—Scuseria—
Ernzerhof hybrid functional (HSE06) is 4.130 eV, and it is found that the P40 carbon is an indirect and wider band gap

semiconductor material.
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1. Introduction

Carbon can be widely found in the air and in Earth’s
crust in diverse forms; it can chemically self-associate, form-
ing three flexible hybridization bonds (sp, sp?, and sp’) in
diamond, graphite, and other carbon allotropes.!'=*¢! Carbon
allotropes play increasingly a critical role in biology and com-
merce due to their complex structures and diverse properties,
which are a hot research topic.

A considerable research has predicted the properties of
many carbon allotropes in recent years. For example, all-
sp> hybrid carbon allotropes incorporate Z carbon,?!! TE-
C36 carbon,!??! K6 carbon,!?3! Cmmm-C3, and P6/mmm-
Cs4,>*1 and other hybridized carbons include mC16,!>! H18
carbon, 2%l and mC12.%7! In addition, several novel super-
hard carbon materials have also been predicted in recent years,
such as ber-C4,1281 O-carbon, 2! C14 carbon,Y and Amm?2-
carbon.?13% Previous research by Li er al.[*} identified a
new carbon allotrope, denoted as Cyg carbon, with a porous
nanocube network. The calculated bulk modulus and hardness
of Cog carbon (279 GPa and 25 GPa) are higher than those of
T carbon,?*! and it was found that Cgg carbon can be consid-
ered as a semiconductor material with an indirect band gap of

DOI: 10.1088/1674-1056/ab9c01

1.85 eV. Wang et al.3>! proposed a cubic sp*hybridized car-
bon material called Cyo—T carbon, they found that Co-T car-
bon has a high hardness (72.76 GPa) and it is a transparent
insulator with an indirect band gap 5.44 eV. In addition, the
interesting structure of Cpo—T carbon has large cavities with
a diameter of about 3 A. A potential superhard carbon mate-
rial P2/m Cs4 was proposed by Li and Xing.!3%! The P2/m
Cs4 remains stable mechanically and dynamically at 100 GPa,
and the relative formation enthalpy of P2/m Cs4 was calcu-
lated to be higher 0.581 eV/atom than that of graphite, and
it is less 0.729 eV/atom than that of T carbon, and T carbon
has already synthesized by Zhang et al.3”) According to Chen
et al’s model®® and Lyakhov and Oganov’s model,*! the
obtained hardness of P2/m Cs4 is 54.1 GPa and 70.4 GPa,
which reveals its superhard characteristics. In addition, Zhang

(241 predicted two new carbon allotropes (Cmmm-Cs; and

etal.
P6/mmm-Cs4) with a full sp> bonding network, both of these
new carbon materials have honeycomb structures. By using
Lyakhov—Oganov model,**! the hardness values of Cmmm-
Cs; and P6/mmm-Csy were estimated to be 83.72 GPa and
54.01 GPa, respectively, indicating that they are identified to

be superhard materials.
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In this work, based on first-principles calculations,
a novel carbon allotrope, which is called P40 carbon,
is predicted to possess the space group P4/mmm in
sp> bonding networks by space group and graph the-
ory (RG2).[40411 The P40 carbon is not included in
SACADA*?!' (http://sacada.sctms.ru), nor Materials Project
(https://materialsproject.org/), nor Reticular Chemistry Struc-
ture Resource (RCSR,*3*41 http://resr.net/). The crystal struc-
ture of P40 carbon is similar to that of P carbon.!*! The struc-
tural stability, anisotropic and electronic properties of P40
carbon are investigated systematically.

2. Computational details and theory

The structural optimization and property calculations of
tP40 carbon were completed by using density functional the-
ory (DFT)*47] as implemented in the Cambridge Serial To-
tal Energy Package (CASTEP).[*8] The exchange—correlation
(XC) energy functionals are approximated by the general-
ized gradient approximation (GGA) parameterized by Perdew,
Burke and Ernzerr (PBE)*”! and local density approxima-
tion (LDA).’%I The electronic properties were investigated
by utilizing the Heyd—Scuseria—Ernzerhof hybrid functional
(HSE06).5!1 In this work, the energy cut-off is 400 eV for
the P40 carbon. The Brillouin zone is sampled with a
5x5x9 Monkhorst—Pack special k-point grid. Vanderbilt ul-
trasoft pseudopotential *?! is used, and the Broyden—Fletcher—
Goldfarb—Shanno (BFGS)>3 minimization scheme is utilized
for optimizing the structural geometry. The phonon spec-
tra of P40 carbon under 0 GPa and 100 GPa are found by
adopting the density functional perturbation theory (DFPT)
approach>*! The convergence of the total energy difference
is less than 5x107° eV/atom, the maximum Hellmann—
Feynman force is 0.01 eV/A, and the self-consistent field tol-
erance threshold is 5x 1077 eV/atom. When the crystal struc-
ture under high pressure is optimized, the applied pressure is
hydrostatic pressure. The elastic constants are calculated by
the strain—stress method.

3. Results and discussion
3.1. Structural properties

The crystal structure of P40 carbon is presented in Fig. 1.
From Fig. 1, it is found that rP40 carbon consists of five non-
equivalent carbon atoms with the space group P4/mmm. Cl,
C2, C3, C4, and C5 are each depicted in a different colour. The
tP40 carbon has 40 carbon atoms in each conventional cell
occupying five different Wyckoff positions: C1 8¢ (1.13577,
1.5, 0.32069), C2 4o (1.5, 1.28224, 1.5), C3 4k (1.66058,
1.33942, 0.5), C4 8r (1.22628, 1.77372, 0.32633), and C5
16u (1.09773, 1.66284, 0.17872), and the details are shown
in Fig. 1(c). It is found that the minimum bond length of
P40 carbon is 1.434 A, the maximum bond length is 1.644 A,

the average bond length of C—C is 1.541 A, and it is slightly
smaller than that diamond (1.544 A). The primary reason is
the bond length of the three-membered ring consisting of C1
and C2 in Fig. 1(b) (the bond length of C1-C2 is 1.462 A) and
the eight-membered ring consisting of C2 and C3 (the bond
length of C2—C3 is 1.434 A) located in the middle of Fig. 1(c)
are shorter. From Figs. 1(b) and 1(c), one can see that the tP40
carbon has a three-membered ring, five-membered ring, six-
membered ring, eight-membered ring, and twelve-membered
ring, and there is only one kind of them except for the three-
membered ring. The five-membered ring consists of the Cl,
C2, C3, C4, and C5 atoms. The six-membered ring comprises
two kinds of atoms: C1 and C4. The eight-membered ring is
made up of C2 and C3 atoms. The twelve-membered ring is
composed of C4 and C5 atoms. While three-membered ring
consists of the C14+C2 atoms, and another way to form it is
C2+C4 atoms (see Fig. 1(b)). The crystal structure of P40
carbon is similar to that of P carbon,#! and the crystal struc-
ture of P carbon is shown in Fig. 1(d).

(b) a axis

Qo—0

~b

Fig. 1. Crystal structure of P40 carbon (a) along the « axis (b) and b axis (c),
and crystal structure of P carbon (d).

In this work, the calculated lattice constants of tP40 car-
bon within GGA and LDA, together with those of Cgs, Pnma-
BN, D51 Cgy,B01 €72,5571 and diamond, are listed in Table 1.
Under an ambient pressure, the lattice parameters for P40
carbon are a = 8.414 A and ¢ = 4.383 A in a conventional
cell. When using different methods to calculate the lattice pa-
rameters of diamond, the GGA level is closer to the experi-
mental value, so all the discussion in this work is based on
the results of GGA level. The calculated results show that the
volumes per carbon atom of P40 carbon, Cgq, C72, and dia-
mond are 7.756 A3, 6.022 A3, 11.760 A3, and 11.341 A3, re-
spectively. In addition, the obtained density of P40 carbon is
2.571 g/em?, which is lower than that of Cog (2.700 g/cm?)[33]
and slightly higher than that of Cg4 (2.562 g/cm?®)1° and C72
(1.690 g/cm?).57]
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Table 1. Calculated values of lattice constant (in unit A), cell volume (in
unit A3), and density (in unit g/cm3) for tP40 carbon, Cgy4, Pnma-BN, Cog,

and diamond.

Crystal Method a b c \%4 p
P40 carbon  GGA®  8.414 4383 7756 2571
LDA® 8314 4329 7482  2.666
Cey 7.180P 2511 6.022 2562
Pnma-BN  GGA®  4.890 2589 4284 13.557
LDA® 4795 2557 4243  13.007
Cog PWIIY  9.020 2.700
GGA®  9.004
C72 9.460f 11.760  1.690
Diamond GGA*  3.566 11.341
3.566¢ 11.337
LDA*  3.526 10.961
3.525¢ 10.950
Exp."  3.567 11.346

aThis work, PRef. [56], °Ref. [55], YRef. [33], Ref. [58], Ref. [57],

gRef. [59], "Ref. [60].
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Fig. 2. Plots of ratios of (a) a/ag, ¢/co and (b) V /Vy versus pressure for
tP40 carbon, Cog carbon, P222 carbon, c-BN carbon, and diamond.

The ratios of a/ay, ¢/co, and V /V, each as a function of
pressure for P40 carbon, Cyg, P2221, c-BN, and diamond are
plotted in Fig. 2, where ay, co, and Vjy are the lattice constants
and cell volume at zero pressure, respectively. The values of
a/ap, c/co, and V /Vy for these materials decrease at different
rates as the pressure increases. There is no doubt that diamond
is the most difficult to compress carbon material, because its
hardness is the highest in nature. The values of a/ag and ¢/c
can be related to the compressibility of material. Thus, when
hydrostatic pressure is applied to P40 carbon, it is more eas-
ily compressed along the ¢ axis. From Fig. 2(a), it can be
easily seen that the a/ag ratio of tP40 carbon is larger than

that of Cog, which indicates that P40 carbon is less likely to
be compressed along the a axis than Cog, when subjected to
hydrostatic pressure. As is well known, the value of V /V} is
related to the bulk modulus of the material, and the curve of
diamond is the highest in all the materials under study here, so
its bulk modulus is the largest. Apparently, the volume ratio
V /Vp of tP40 carbon is smaller than that of c-BN and P222,
carbon. Therefore, it can be predicted that the bulk modulus
of tP40 carbon is smaller than that of c-BN carbon and P222;
carbon.

3.2. Elastic properties

To study the mechanical properties of tP40 carbon, the
elastic constants C;;, the bulk modulus, shear modulus, and
Young’s modulus for each of tPCygy carbon, Cgq, Pnma-BN,
Cog, C72, and diamond are presented in Table 2. Accord-
ing to the elastic constants (Cy1, Ci2, Ci3, C33, Caa, Cgs)
given in Table 2, the mechanically stability of P40 carbon
can be estimated based on the criteria as follows: Cj; > |Cja],
2C%3 < C33(C11+C12), Caa >0, Cgp > 0.[61] The calculated re-
sults show that the elastic constants satisfy the mechanical sta-
bility criteria. Therefore, tP40 carbon is mechanically stable
under ambient pressure. To obtain more information about dy-
namical stability, the phonon spectra for P40 carbon at 0 GPa
and 100 GPa are shown in Fig. 3. There is no imaginary fre-
quency in the whole Brillouin zone, which indicates that 1P40
carbon is dynamically stable at 100 GPa.
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Fig. 3. Phonon spectra for 1P40 carbon at (a) 0 GPa and (b) 100 GPa.

Voigt states that the Voigt bond is the upper limit of the
actual polycrystalline constant, whereas the Reuss bound is
the lower limit. Based on the Hill approximation, the values
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of the bulk modulus B and the shear modulus G are equal to
the arithmetic mean of the Voigt and Reuss and are expressed
as!%! G = (Gr +Gy)/2 and B = (Bg + By) /2. The calculated
results show that the bulk modulus of P40 carbon (259 GPa) is
larger than that of C72 (183 GPa) and slightly smaller than that
of Cgs (264 GPa), Pnma-BN (298 GPa), P carbon (334 GPa),
and Cog (279 GPa). The value of B for P40 carbon is about
66.4% of the bulk modulus for diamond (431 GPa). Of all the
materials under study, C72 has the lowest bulk modulus. Ad-
ditionally, it can be observed that the P40 carbon has a higher
shear modulus than the other four carbon materials except for
diamond and P carbon, and the shear modulus of C72 is still
the lowest. Young’s modulus and Poisson’s ratio are given
by E =9BG/(3B+G) and v = (3B —2G)/[2(3B + G)].163-63
The calculated Young’s modulus of P40 carbon is 540 GPa,
which is greater than that of Cg4 by approximately 5.88%,
Coye by approximately 3.65%, C72 by approximately 172.72%,
and slightly smaller 3 GPa than that of Pnma-BN. By us-
ing Chen’s model®® and Lyakhov—Oganov’s model,*! the
hardness of P40 carbon is 40.2 GPa and 44.0 GPa, respec-
tively, slightly harder than that of Pnma-BN (33.0 GPa using
Lyakhov—Oganov’s model, which is in excellent agreement
with the reported 33.3 GPal>3l). Thus, it can be considered

to be a superhard carbon material. The value of v for the
tP40 carbon is 0.152 within GGA, which is lower than that of
C72 (0.310) and Cgq (0.178) and higher than that of diamond
(0.070). According to Pugh’s research, (% the ratio of bulk to
shear modulus (B/G) can be naturally related to the brittleness
and ductility of crystal. If B/G > 1.75, the material is usually
ductile; otherwise, it is brittle. The calculated B/G ratios of
tP40 carbon under different pressures are listed in Table 3. In
the case of P40 carbon, the calculated results suggest that the
tP40 carbon is brittle from 0 GPa to 60 GPa and that when the
pressure exceeds 70 GPa, the tP40 carbon becomes ductile.

The elastic constants, bulk modulus B, shear modulus
G, and Young’s modulus E under pressures from 0 GPa to
100 GPa are illustrated in Fig. 4. In general, the elastic param-
eters of bulk modulus, shear modulus, and Young’s modulus
all increase at different rates as the pressure increases. The Caq
and Cgg of tP40 carbon increase slowly, whereas the Cy; and
C1; increase faster than the other parameters. The degree of
dependence of the elastic parameters B, G, and E on pressure
are calculated to be 3.36, 0.45, and 1.84, respectively, which
indicates that the tP40 carbon has the fastest increase in bulk
modulus and the slowest increase in shear modulus.

Table 2. Calculated values of elastic constants of C;; (in unit GPa), bulk modulus B (in unit GPa), shear modulus G (in unit GPa), Young’s modulus E
(in unit GPa), Poisson’s ratio v, and B/G ratio for each of tP40 carbon, Cgs, Pnma-BN, Cgg, C72, and diamond.

tP40 Ce4® Pnma-BNP Cye© c724 P carbon® Diamond Diamond!

Cy 542 598 392 623 273 754 1053 1076
Cia 174 99 108 139 152 120 125
Ci3 82 256 56
Cxn 770
3 116
Cs3 575 677 675 979
Cyy 240 254 299 194 81 401 563 577
Css 272
Ces 261 187 285

B 259 264 298 279 183 334 431 442

G 234 217 227 219 75 360 522

E 540 510 543 521 198 795 1116

v 0.152 0.178 0.310 0.104 0.070
B/G 1.106 1.220 2.46 0.928 0.826

aRef. [56], PRef. [55], °Ref. [33], IRef. [57], °Ref. [45], [Ref. [62]-experimental.

The elastic Debye temperature @p and the average
sound velocity vy, are related by the expression!®”%81 @p =
vin(h/kg)[3n/(47)(Nap /M)]'/3, where k is Boltzmann’s con-
stant, & is Planck’s constant, n is the number of atoms in
the molecule, Np is Avogadro’s number, p is the density,
and M is the molecular weight. Additionally, vy, = [(2/v3 +
| /vg) /3]71/3. The values of shear wave velocity (vs) and
compressional wave velocity (v,) are estimated from Navier’s
equations: vy = (G/p)'/? and v, = [(B+4G/3)/p]'/%. The
calculation results of the average sound velocity, compres-
sional and shear wave velocities, Debye temperature ®p, and

B/G ratio results for tP40 carbon at different pressures are
listed in Table 3. It is found that the Debye temperatures of
tP40 carbon are 1579 K and 1682 K at 0 GPa and 100 GPa, re-
spectively, and @p generally increases with pressure increas-
ing. The obtained Debye temperature of Pnma-BN is deter-
mined to be 1504 K at zero pressure by Ma et al.,[>>! which
is slightly smaller than that of rP40 carbon. Fan et al.!%°! cal-
culated and discussed the ®@p of Pbca-BN (1734 K), diamond
(2230 K), "% Diamondyne (422 K)!”!! at ambient pressure. Of
all the materials mentioned in this work, diamond has the high-
est @p and is the hardest material, and the Debye temperatures
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of Diamondyne is the lowest.
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Fig. 4. Plots of (a) elastic constants and (b) B, G, and E for tP40 carbon
Versus pressures.

Table 3. Estimated shear wave velocity (vs), compressional wave velocity
(vp), average sound velocity vy, Debye temperature @p, and B/G ratio
results for P40 carbon.

vp/(m/s) vs/(m/s) V/(m/s) 6p/K B/G

0 14908 9545 10487 1579 1.106

10 15271 9568 10538 1606 1.229
20 15483 9447 10434 1607 1.352
30 15886 9546 10559 1641 1.435
40 16039 9387 10409 1633 1.586
50 16280 9397 10443 1649 1.668
60 16584 9504 10558 1681 1.712
70 17051 9578 10659 1701 1.847
80 16898 9356 10423 1682 1.929
90 17036 9278 10349 1680 2.039
100 17184 9227 10303 1682 2.134

3.3. Elastic anisotropy

The shear anisotropic coefficient can provide important
information concerning the anisotropy of bonding between
atoms in different planes. The shear anisotropic coefficient
Ay for the (101) shear plane between [011] and [010] is
Ay = 4Cy4/(Cy1 + C33 — 2C13);17?! for the (010) shear plane
between [101] and [001], Ay = 4Css/(Cap + C33 — 2Ca3);7%
and for the (001) shear plane between [110] and [010], A3 =
4Cgs/(C11 + Cap — 2C12).1"? The anisotropy of the bulk mod-
ulus along the a axis and ¢ axis relative to that along the
b axis are taken as Ap, = B,/B;, and Ap. = B./B,,[* re-
spectively. The bulk modulus along the a axis, b axis, and
c axis are B,, Bp, and B, respectively, which can be given

by B, = A/(1+a+ B), B, = B,a, and B. = B,/B,
whereas A = Cy; +2C12+C220£2+2C13ﬁ —|—C33ﬁ2+2C2306ﬁ,
a=[(C11 —C12)(C33—C13) — (Ca3 —C13)(C11 — C13)] /[(C33 —
C13)(C2 — C12) — (C13 — C23)(C11 — C13)], and B = [(Co2 —
C12)(C11 —C13) — (C11 = C12)(Ca3 — C12)]/[(C22 — C12) (C33 —
Ci3) — (C12 — C23)(C13 — Cp3)]. The calculated anisotropy fac-
tors Ay, Az, B, B:, ABa, and Ap. are listed in Table 4. The val-
ues of shear anisotropic coefficients A;, A, and A3 are impor-
tant indices to measure whether the crystal has anisotropy. If
A1, Ay, and Az are all equal to 1, then the material is isotropic;
otherwise, it is anisotropic. Our results indicate that the P40
carbon is an elastic anisotropic crystal. The shear anisotropic
factor A1 decreases by 19.35% from 0 GPa to 100 GPa, and
shear anisotropic factor A3 deceases from 0 GPa to 40 GPa,
but increases from 50 GPa to 100 GPa. Apparently, the bulk
modulus along the a-axis B, has the same value along the b-
axis By, and B, and B, both increase with pressure rising. The
obtained directional bulk modulus B, is greater than B., which
means that the compressibility along the ¢ axis is the largest.
The estimated anisotropy of the bulk modulus along the a-axis
Ag, is equal to 1 at all pressures. The values of Ag., which
represent the anisotropy of the bulk modulus along the b axis
and c axis, decrease with pressure increasing, while it reaches
a maximum value at 70 GPa.

Table 4. Anisotropy factors of P40 carbon from 0 GPa to 100 GPa.

Pressure Ay Az B, B. ABa Agc
0 1.008 1.421 807.58 721.47 1.00  0.893
10 0.994 1.487 928.01 817.32 1.00  0.881
20 0.981 1.491 1044.87 908.75 1.00  0.870
30 0.940 1.022 1179.82 990.59 1.00  0.840
40 0.932 0932 1295.93 1081.51 1.00  0.835
50 0.922  0.984 1403.18 1160.81 1.00  0.827
60 0.910 1.159 1508.43 1241.13 1.00  0.823
70 0.765 1.307 1561.37 1619.36 1.00 1.037
80 0.865 1.338 1724.73 1394.34 1.00  0.808
90 0.825 1.440 1838.87 1456.74 1.00  0.792

100 0.813 1.567 1942.09 1529.97 1.00  0.788

To visualize and ensure the elastic anisotropy of P40 car-
bon, the directional dependence of the shear modulus, Young’s
modulus, and Poisson’s ratio at different pressures are plot-
ted in Fig. 5. The directional dependence of the shear mod-
ulus, Young’s modulus, and Poisson’s ratio are predicted by
Elastic Anisotropy Measures (EIAM) code.!”#! If a material is
isotropic, then its three-dimensional surface constructions of
shear modulus, Young’s modulus, and Poisson’s ratio appear

6475-771 and the measured performance values of

as sphere,|
the material in different directions are exactly the same, while
the degree of deviation from the sphere reflects the strength of
anisotropy. It can be clearly seen from Fig. 5 that the three-
dimensional surface constructions of Young’s modulus under
different pressures are not of sphere, which indicates that the

materials show anisotropy. When the pressure is 100 GPa,
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the three-dimensional shape deviates most from the sphere,
indicating that the anisotropy is greater at 100 GPa than that
at 0 GPa and 50 GPa. To investigate the elastic anisotropy
of tP40 carbon in more detail, the maximum, minimum val-
ues of Young’s modulus, shear modulus, and Poisson’s ratio,
and Xmax/Xmin X = E, G, v) of tP40 carbon are calculated
and listed in Table 5. For anisotropic materials, the maxi-
mum and minimum values of Young’s modulus, shear mod-
ulus, and Poisson’s ratio measured in all directions are the
same, so the ratio of the maximum value to the minimum value
should be 1. The Enax/Emin = 1.24, Gmax/Gmin = 1.42, and
Vmax/Vmin = 3.44 at ambient pressure, which suggests that the
tP40 carbon shows elastic anisotropy. It can be seen in Table 5
that as the pressure increases the change of the anisotropy in
the shear modulus, Young’s modulus, and Poisson’s ratio for
tP40 carbon are irregular. Note that the rP40 carbon shows
the weakest elastic anisotropy at 30 GPa. Furthermore, the
anisotropy in Young’s modulus and Poisson’s ratio are the
largest at 70 GPa, and the anisotropy in Poisson’s ratio is
the strongest at 100 GPa. The values of Xyax/Xmin (X = E,
G, v) for diamond at the ambient pressure is 1.15, 1.21, and
11.00, respectively, which suggests that the P40 carbon ex-

hibits greater elastic anisotropy in Young’s modulus and shear
modulus and weaker elastic anisotropy in the Poisson’s ratio
than that of diamond.

To obtain more information about the mechanical
anisotropy of Young’s modulus, the maximum and minimum
Young’s modulus, and the value of Enyax/Emin in the (100),
(010), (011), (101), (001), (110), and (111) planes are shown
in Table 6. As is exhibited in Table 6, the maximum and
minimum values of Young’s modulus are consistent among
some planes, such as the (100) and (010) planes, and the (011)
and (101) planes. In the range from 0 GPa to 20 GPa, the
anisotropy of the Young’s modulus is the smallest along the
(110) direction and the largest along the (001) direction. How-
ever, when the pressure is at 30 GPa, the anisotropy in the
Young’s modulus is the weakest in the (001) plane and the
strongest in the (100) and (010) planes. At zero pressure, the
value of Epax/Emin of diamond is 1.11 in the (100), (010),
and (001) planes, 1.15 in the (011), (101), and (110) planes,
and 1.00 in the (111) plane, indicating that rP40 carbon ex-
hibits weaker elastic anisotropy in the (110) plane and stronger
anisotropy in the other six mean planes than diamond.

(a) 0 GPa (b) 50 GPa (c) 100 GPa
500
500 500
i 0 0 0
—500
=00 —500
500 500 0 500 500 , 500 500 o, 500
B, —500 7500 g —500 —500 —500 —500
(d) 0 GPa (e) 50 GPa (f) 100 GPa
200
200 500
o 0 0 0
—200 —200 4 —200
200 5 5 200 200 - 520 00 500
0 L 0 Tl 200 200 o 0 200
G, —200 —200 G, 9200 =200 0 — 200 =200 0
(g) 0 GPa (h) 50 GPa (i) 100 GPa
02 |
0.2 0.2
30 0 0!
—0.2 —02 —0.2 ‘
0.2 ‘ 0.2 ) N — =~ ‘
0 0 0.2 g - , 0.2 0.3 e 0.3
v, —0.2 —02 o, —0.2=020 O 032039

Fig. 5. Directional dependence of Young’s modulus at (a) 0 GPa, (b) 50 GPa, and (c) 100 GPa; the shear modulus at (d) 0 GPa, (e) 50 GPa, and (f)
100 GPa; and Passion’s ratio at (g) 0 GPa, (h) 50 GPa, and (i) 100 GPa for P40 carbon.
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Table 5. Mximum values and minimum values of Young’s modulus (in unit GPa), shear modulus (in unit GPa), and Poisson’s ratio and

Emax/Emins Gmax/Gmim and Vmax/Vmin for P40 carbon.

Enax Ein Ratio Gmax Gmin Ratio Vmax Vinin Ratio

0 595 480 1.24 261 184 1.42 0.31 0.09 3.44

10 631 490 1.29 272 180 1.51 0.37 0.10 3.70
20 651 500 1.30 283 177 1.60 0.41 0.11 3.73
30 683 607 1.13 282 225 1.25 0.35 0.14 2.50
40 718 584 1.23 286 207 1.38 0.41 0.14 2.93
50 748 619 1.21 293 219 1.34 0.41 0.15 2.73
60 779 635 1.23 314 223 1.41 0.43 0.15 2.87
70 994 626 1.59 368 212 1.74 0.48 0.12 4.00
80 835 621 1.34 335 208 1.61 0.49 0.15 3.27
90 864 615 1.41 348 202 1.72 0.52 0.15 3.47
100 888 604 1.47 358 195 1.84 0.55 0.14 3.92

Table 6. Maximum and minimum Young’s moduli and the values of Enax/Emin in different planes at different pressures for rP40 carbon.

p (100) (010) (011) (101) (001) (110) (111)

Enax  Emin Ratio Enax  Emin Ratio Enax Enin  Ratio Enax  Emin Ratio Enax Enin  Ratio
0 555 480 1.16 562 480 1.17 595 480 1.24 595 548 1.09 595 520 1.14
10 604 490 1.23 595 490 1.21 631 490 1.29 631 585 1.08 631 543 1.16
20 645 500 1.29 618 500 1.24 651 500 1.30 651 613 1.06 651 563 1.16
30 683 607 1.13 627 607 1.03 616 607 1.01 683 615 1.11 642 614 1.05
40 718 614 1.17 645 607 1.06 614 584 1.05 718 584 1.23 660 584 1.13
50 748 626 1.19 662 626 1.06 626 619 1.01 748 619 1.21 683 619 1.10
60 779 635 1.23 688 635 1.08 704 635 1.11 779 688 1.17 710 665 1.07
70 994 626 1.59 708 626 1.13 758 626 1.21 994 708 1.40 765 665 1.15
80 835 621 1.34 713 621 1.15 765 621 1.23 835 711 1.74 765 664 1.15
90 864 615 1.40 720 615 1.17 801 615 1.30 864 713 1.21 801 675 1.19
100 888 604 1.47 735 604 1.22 839 604 1.39 888 725 1.22 839 656 1.28

3.4. Electronic properties

As is well known, the band structure provides important
information concerning the electronic and optical properties of
materials. The obtained band structures with DFT and HSE06
and the total and partial density of states (PDOS) of P40 car-
bon at zero pressure are illustrated in Fig. 6. The dashed line
in Fig. 6 represents the Fermi level. The valence band max-
imum (VBM) is located at the I point, and the conduction
band minimum (CBM) is located between the I" point and Z
point, which indicates that the P40 carbon presents an indirect
semiconducting character. The band gap calculated by DFT is
3.088 eV. As is well known, the band gap calculated by den-
sity functional theory is usually underestimated by 30%—-50%.
Therefore, the band gap of P40 carbon with HSE06 hybrid
functional is 4.130 eV. To obtain more information about the
electronic band structure, the partial density of states of tP40
carbon is shown in Fig. 6(c). It can be noted that the distribu-
tion disciplines of these five atoms in different energy ranges
are different. For C1, C2, and C3 atoms, the main contribution
comes from the s orbital with energy ranging from —23 eV
to —20 eV, the contribution of the s orbital is very small com-
pared with the p orbital with energy in a range from —21 eV to
Fermi energy, and the contribution from the p orbital is great
compared with that from the s orbital in an energy range from

4 eV to 8 eV. For C4 atom, the density of states (DOS) can
be divided into three parts: the lower energy part (—23 eV to
—15 eV) where the peak mainly originates from the s orbital,
the part where the states from —15 eV to Fermi energy are
mainly due to the contribution of the p orbital, and the part
where the peak appears on condition that the band DOS (4 eV
to 8 eV) of the DOS is mainly due to the contribution of the
p orbital. Regarding the DOS of C5 atom, the contribution
from the p orbital is very small in the lowest band (—23 eV to
—12.5 eV), the main contribution comes from the p orbital in
the middle band (—12.5 eV to 0 eV), and the contribution from
the p orbital is great compared with that from the s orbital in
the upper band (4 eV to 8 eV). The DOS for P40 carbon at
zero pressure can be summarized as follows: (i) in the energy
range below —12.5 eV, the contribution from the s orbital of
the carbon atoms is larger than that from the p orbital; (ii) the
peak present in the energy part (—12.5 eV to 8 eV) of the DOS
mainly originates from the p orbital; (iii) the peak present in
the energy part (4 eV to 8 eV) of the DOS mainly originates
from the p orbital of C1, C3, C4, and C5, while the contri-
bution of p orbital electron of C2 atom is smaller than that of

carbon atom at other positions.
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Fig. 6. Electronic band phases according to (a) DFT, (b) HSE06, and (c)
DOS for P40 carbon at zero pressure.

4. Conclusions

In this work, a new carbon allotrope P40 carbon is theo-
retically predicted, and its structural properties, elastic proper-
ties, and anisotropy are investigated with first-principles calcu-
lations. By studying the elastic constants and phonon spectra,
the P40 carbon is found to be stable mechanically and dy-
namically. The P40 carbon is brittle in a pressure range from
0 GPa to 60 GPa, but becomes ductile when the pressure ex-
ceeds 70 GPa. The obtained bulk modulus, shear modulus,
and Young’s modulus of P40 carbon are 259 GPa, 234 GPa,
and 540 GPa, respectively, which are larger than those of C72.
The hardness of P40 carbon is 44.0 GPa, indicating that the
tP40 carbon can be considered to be a superhard material. The
directional dependence of shear modulus, Young’s modulus,

Poisson’s ratio, and the Xmax/Xmin indicate that the P40 car-
bon shows elastic anisotropy. Comparing with diamond, the
anisotropy in shear modulus and Young’s modulus of tP40 car-
bon are larger, but in the Poisson’s ratio, tP40 carbon exhibits
smaller elastic anisotropy. The band structure of P40 carbon
indicates that it is an indirect band gap with a 4.130-eV band
gap within HSEQ6, indicating that the tP40 carbon is a semi-
conductor material with an indirect and wider band gap.
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