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Up to now, at least 806 carbon allotropes have been proposed theoretically. Three interesting carbon allotropes
(named Pbam-32, P6/mmm, and 143d) were recently uncovered based on a random sampling strategy combined with
space group and graph theory. The calculation results show that they are superhard and remarkably stable compared with
previously proposed metastable phases. This indicates that they are likely to be synthesized in experiment. We use the
factor group analysis method to analyze their I"-point vibrational modes. Owing to their large number of atoms in primitive
unit cells (32 atoms in Pbam-32, 36 atoms in P6/mmm, and 94 atoms in 143d), they have many Raman- and infrared-
active modes. There are 48 Raman-active modes and 37 infrared-active modes in Pbam-32, 24 Raman-active modes and 14
infrared-active modes in P6/mmm, and 34 Raman-active modes and 35 Raman- and infrared-active modes in /43d. Their
calculated Raman spectra can be divided into middle frequency range from 600 cm ™! to 1150 cm™! and high frequency
range above 1150 cm~ L. Their largest infrared intensities are 0.82, 0.77, and 0.70 (D/A)z/amu for Pbam, P6/mmm, and
143d, respectively. Our calculated results provide an insight into the lattice vibrational spectra of these sp> carbon allotropes
and suggest that the middle frequency Raman shift and infrared spectrum may play a key role in identifying newly proposed

carbon allotropes.

Keywords: Raman and infrared spectra, carbon allotrope, first-principles calculation
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1. Introduction

The unique ability of carbon element to form sp, sp?, and
sp> hybridized bonds leads to a large number of allotropes. [!!
Among them, diamond (three dimensions), graphene (two di-
mensions), carbon nanotubes (one dimension), and fullerene
(zero dimension) have been widely investigated in various ap-
plications. They can be insulator, semiconductor, semimetal,
metal or even superconductor.?3! This made carbon allotrope
prediction to be a very active field of investigation in recent
years.[*7]' As shown in Samara Carbon Allotrope Database,
at least 522 three-dimensional carbon allotropes have been
proposed based on a variety of sophisticated algorithms.!!]
Among these newly proposed carbon allotropes, some of them
(C20-sc, C21-sc, C22-s¢,31 M carbon,[®19 S carbon,!'!-12]
T carbon, 3141 V carbon, "] and Z carbon!'®) are reported to
be obtained in experiment. However, not all experiments can
be explained by these proposed carbon allotropes. For exam-
ple, diamond anvil can even be indented by cold-compressed
graphite, but its structure is still totally unresolved.!!!

DOI: 10.1088/1674-1056/ab9613

Multi-scale computation simulation is often used for
searching and investigating new materials.'® The energy sur-
face of carbon is very complex, especially for crystals with
large unit cell. In order to meet this challenge, Shi et al.!
and He et al.'’l uncovered 284 carbon allotropes with a
random sampling strategy combined with space group and
graph theory. This method enables the search for large-size
and complex carbon allotropes up to 100 carbon atoms per
unit cell. After a systematical search for large-size sp® car-
bon crystals, three complex low energy tetrahedral carbon
allotropes (Pbam-32, P6/mmm, and 143d) were uncovered
recently, and the calculated phonon dispersions and elastic
constants show that they are dynamically and mechanically
stable.!”l There are 32, 36, and 94 atoms in their primitive
unit cells, respectively and their energy relative to diamond
is 0.10 eV/atom for Pbam-32, 0.13 eV/atom for P6/mmm,
0.14 eV/atom for 143d. The relative energy of other metastable
carbon allotropes is 0.11 eV/atom for C-carbon, 0.14 eV/atom
for T12, 0.15 eV/atom for Z-carbon, 0.15 eV/atom for P-
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carbon, 0.16 eV/atom for O-carbon, 0.18 eV/atom for W-c ar-
bon, 0.19 eV/atom for M-carbon, 0.19 eV/atom for F-carbon,
0.21 eV/atom for X-carbon, and 0.23 eV/atom for Bct-C4.
Therefore, these three newly proposed carbon allotropes are
remarkably stable compared with those metastable phases pre-
viously proposed, which indicates that they are very likely to
be synthesized in experiment. Furthermore, the 743d struc-
ture has the widest electronic band gap of 7.25 eV in carbon
allotrope family.

In the investigation of carbon materials, Raman spec-
trum, as a fast, cheap and nondestructive method, plays a
key role in identifying them.!'>23] For example, the D, G,
and 2D peaks of graphene,[?2?426! the interlay shearing and
breathing mode of multilayer graphene,?>>!2"] the breathing

[28,29]

mode of carbon nanotube provide unique fingerprint of

them. Besides Raman spectrum, infrared spectrum is also

1301 graphite, 311

[33

widely used to characterize carbon nanotube,

132 1 n or-

graphene,*?) and even diamond under electric field.
der to investigate the first order Raman and infrared spectra
of these three newly proposed carbon allotropes, we perform
factor group analysis and first-principles calculation and ob-
tain their Raman tensor and infrared intensity of I'-point vi-

brational modes.

2. Calculation method

All the density-functional calculation was obtained un-
der the framework of the local density approximation (LDA)
as implemented in the Quantum Espresso package.[**! The

wave function was expanded in a plane-wave basis set with
an energy cutoff of 100 Ry (1 Ry =13.6056923(12) eV). The
k-points in the Brillouin zone of the primitive unit cell were
sampled on 4x4x10 mesh for Pbam-32, 4x4x10 mesh for
P6/mmm, and 4x4x4 mesh for 143d. The Monkhorst—
Pack k-mesh was employed for the Brillouin-zone integra-
tion. The norm-conserving pseudopotential was used to repre-
sent the electron—ion interaction.*>) The I'-point vibrational
frequency, Raman activity, and infrared intensity were calcu-
lated within the framework of density functional perturbation
theory. 36401

3. Results and discussion
3.1. Crystal structure and symmetry

The crystal structure of Pbam-32, P6/mmm, and 143d are
depicted in Fig. 1. The Pbam-32 has 32 carbon atoms in its
primitive unit cell with a two-fold ration axis along a3 direc-
tion. As shown in Fig. 1(a), the primitive unit cell is composed
of fivefold, sixfold and sevenfold topological carbon rings. As
it can be easily transformed from wrinkled graphite, Pbam-
32 is a good candidate product of cold compressed graphite.
The P6/mmm has 36 carbon atoms in its primitive unit cell
with a six-fold ration axis along a3 direction. As depicted in
Fig. 1(b), the fivefold and sixfold carbon rings arrange around
the center eightfold carbon rings in P6/mmm. Unlike Pbam-
32, P6/mmm cannot be obtained by simply transformation
from graphite. However, it can be acquired from well-arranged

array of certain carbon nanotubes.

(c) 143d

Fig. 1. Primitive cell of (a) Pbam-32, (b) P6/mmm, and (c) I43d. They are composed of tetrahedra network, which is the characteristic of sp>
hybridization. The numbers of panels (a) and (b) refer to fivefold, sixfold, sevenfold, and eightfold topological carbon rings.
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As shown in Fig. 1(c), the structure of 143d is cubic, con-
taining 94 carbon atoms in its primitive unit cell. Due to its
complexity, I43d can be obtained neither from graphite nor
from carbon nanotubes directly. It might be synthesized in
explosive shock experiment. It can be seen from Fig. 1 that
the carbon atoms of Pbam-32 form tetrahedron network, and
so do those of P6/mmm and 143d. A carbon atom has six
electrons with a (15)2(25)2(2p)2 configuration. The energy
difference between the 2s- and the 2p-states is small. There-
fore, in molecular or crystal, it is possible to excite one car-
bon electron from the 2s-state into the 2p-state. This results
in a special state: one s-orbital and three p-orbitals. These
four orbitals form the sp> hybridization. The direction of the
sp> hybridization makes a carbon form a tetrahedral assembly
with its neighbors, like diamond. It is the characteristic of sp>
hybridization. As Pbam-32 and P6/mmm have the inversion
center symmetry, they have neither piezoelectric nor second

[41.42] The calculated lattice pa-

harmonic generation response.
rameters and relative energy values are listed in Table 1.
Their I"-point vibrational modes are classified with the

factor group analysis method./*3! Owing to the inversion

center symmetry, the vibrational modes of Pbam-32 and
All the opti-
cal vibrational modes at I'-point are listed in Table 2. Ow-

P6/mmm are either ‘g’ mode or ‘v’ mode.

ing to its low symmetry, Pbam-32 has only non-degenerate
modes. Therefore, it has 96 (3x32) non-degenerate Vvi-
brational modes at I point. There are three translational
modes (B, Boy, and B3,) among them. The other 93 vi-
brational modes are optical modes. There are 48 Raman-
active modes (16Ag+ 16B ¢+ 8B2g+ 8B3g), 37 infrared-active
modes (7By+ 15B,+ 15B3,), and 8 silent modes (8A,). Ow-
ing to the six-fold rotation symmetry, P6/mmm has doubly de-
generate modes. It has one non-degenerate translational mode
(Agy) and one doubly degenerate translational mode (E(,). Be-
sides, it has 24 Raman-active modes (6A g+ 6E1.+ 12Es),
14 infrared-active modes (3A;,+ 11Eqy), and 32 silent modes
(2A1u+6A2g—|—4B1g—|—2B2g—|—6B1u+6B2u+6E2u). Owing to
its high symmetry, 143d has triply degenerate mode. It has
a triply degenerate translational mode T,. Besides, it has
34 Raman-active modes (11A;+23E) and 47 silent modes
(12A,+35T)). Unlike the other two crystals, 143d has 35 T

modes, which are both Raman- and infrared-active.

Table 1. Calculated crystal parameters of Pbam-32, P6/mmm, and 143d. Integer fractions represent atomic positions fixed by symmetry. Their
energy values relative to diamond are listed in the last column. Data with * is cited from Ref. [7].

Structure alA bIA

c/A Atomic positions

Energy/(eV/atom)

Pbam-32 8.193 8.303* 8.145 8.865*

2.484 2.511*

4h (0.088 0.499 1/2)
4h (0.837 0.341 1/2)
4h (0.575 0.555 1/2)
4h (0.480 0.276 1/2) 0.10
4g (0.729 0.351 0)
4g (0.850 0.580 0)
4g (0.174 0.979 0)
4g (0.586 0.245 0)

P6/mmm 9.738 9.855* 9.738 9.855*

2.471 2.497*

6/ (0.093 0.185 0)

6m (0.145 0.290 1/2) 0.13
12p (0.828 0.336 0)

12g (0.090 0.410 1/2)

143d 10.126 10.289* 10.126 10.289*

10.126 10.289*

126 (0 3/4 5/8)
16¢ (0.757 0.743 0.257)
16¢ (0.852 0.648 0.352) 0.14
48¢ (0.893 0.555 0.584)
48¢ (0.450 0.381 0.705)
48¢ (0.254 0.417 0.426)

Table 2. I"-point optical vibrational modes of Pbam-32, P6 /mmm, and 143d.

Both Raman- and

Structure Point group Raman active Infrared active Silent
infrared-active
Pbam-32 Dy, 16Ag+16Bjg+ 8Bog+8B3g TB1y+ 15Boy+ 15B3, 8A,
2A 14+ 6A2,+4B
P6/mmm Dep 6A1g+6E g+ 12E;, 3As,+ 11Ey, lut 62+ 4B 1+
6B, + 2B2g+ 6B,y + 6E3,
143d T, 11A+23E 35T, 12A,+35T;
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3.2. Calculated Raman spectrum and infrared intensity

In order to investigate Raman spectra, we firstly calculate
their non-resonant Raman activities with DFT and list them
in Table 3. After that, the first-order non-resonant differen-

tial Raman cross section of the stocks component is calculated

where é; and é; are the electric field unit vectors of incident
light and scattered light, respectively, & is the polarizability
tensor, v, and Q are the phonon frequency and its normal-
mode coordinate, respectively, v; and (v; — vp) are the incident
light frequency and scattered light frequency, respectively, and
the last term on the right-hand side, 1+ [exp(hv, /kT) —1] 7! is

from the following equation:“‘” the Bose—FEinstein statistical factor, in which T is the temper-
5 4 ature. According to the above equation, we show the Raman
dj _ (W) P ‘975‘ P (Vi - VP) spectrum at 300 K with 532-nm excitation light in Fig. 2. As
dQ c* RZY : Vp the Raman spectrum of diamond usually serves as an external
1 standard,*] we give the Raman spectrum of diamond at the
. <1+exp(hvp/kT)—l>’ ) last line of Fig. 2.
Table 3. Calculated values of frequency (Freq, in unit cm~') and Raman activity (R.A., in units A*/amu) of Raman-active mode.
Pbam-32 1234 Big 235.4 1329 Epg 0.34 1040 Aq 170
Freq Sym R.A. 1244 By 154 1357 Ay 349 1053 T, 64.2
418 B3, 4x107* 1283 By, 44 143d 1077 T, 164
441 Ag 2.5 1290 Ag 288.7 Freq Sym R.A. 1080 E 0.46
451 Bog 0.15 1303 Big 82.2 445 Ay 2.0 1085 T, 26.2
465 Big 0.017 1305 Ag 158.5 473 T, 2.9%1072 1095 Ay 22.6
469 Ag 7.5 1309 By 329.7 484 T, 9.0x1073 1117 T, 8.0
489 B3g 0.12 1310 By 56.4 516 E 42x1073 1126 E 0.78
505 By  26x107° | 1312 By 154 527 T, 0.55 131 T, 70.3
594 Ag 34 1336 Ay 60.2 535 E 0.13 1110 T, 6.8
671 Bsg 2.6x1073 1361 Big 82.9 569 E 0.58 1144 E 0.83
672 Bag 0.11 1462 Ag 107.6 616 T, 2.7 1156 Aq 186
675 By, 1.3x1072 1464 B, 11.2 631 T> 2.8x1072 1163 E 0.51
688 Byg 1.8x1072 P6/mmm 657 T, 29 1168 T, 240
709 Bog 0.15 Freq Sym R.A. 692 E 1.4x1073 1176 T, 2.1x1072
710 Big 2.5 360 Eig 8.2x1072 702 Ay 1.9 1196 E 19.5
747 By,  22x1072 | 408 Ene 0.14 710 T, 0.55 1200 A 386
788 Ag 10.0 581 Eig 1.1 723 T, 5.1 1216 T, 53.1
795 Big 3.8 584 Eog 4.8x1072 734 E 1.3x1073 1223 E 5.8
847 Ag 30.8 617 Ejg 3x1074 759 T, 15.7 1225 T, 72.7
903 Big 1.7 631 Ajg 6.0 773 Ay 1.1 1239 E 10.7
989 Big 0.26 652 Eog 15.2 780 E 54 1251 T, 191
1001 Ag 178.3 744 Eog 9.0x1072 788 T, 8.3x1072 1257 E 98.4
1059 Ag 159 865 Ay 93.7 819 T, 3.6 1269 T, 10. 3
1093 Ag 11.3 926 Epg 3.4 827 T, 132 1276 T, 3.0
1107 Bsg 29.9 1029 Aqg 134 865 T, 29.1 1277 Ay 39.7
1113 Big 81.1 1059 Eog 11.9 874 Ay 18.6 1277 E 13.4
1130 Big 7.0 1141 Eig 74 880 E 0.86 1289 T, 171
1143 Ag 73.2 1154 Eog 37.2 910 T, 53 1293 E 86.4
1154 Bog 0.44 1200 Ay 32.1 923 E 0.95 1304 T, 20.9
1173 A 51.0 1205 Epg 0.34 932 E 3.9 1319 Ay 11.8
1176 Big 79.1 1222 Eig 96.7 953 E 1.9x1072 1320 E 29
1186 Bog 2.7 1228 Eig 6.7 979 T, 42.6 1321 T, 18.2
1190 Bs3g 100.5 1236 Eog 0.14 995 Ay 269 1328 T, 199
1202 Ag 16.9 1280 Ag 422 998 E 23.6 1334 T, 4.0x1073
1207 Big 3.7 1295 Epg 65.3 999 T, 90.5 1345 E 0.46
1226 Ag 257.7 1314 Epg 116 1038 T, 286
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The Raman spectra in Fig. 2 can be divided into two parts:
the left middle frequency range below 1150 cm~! and the
right high frequency range above 1150 cm~'. Except for dia-
mond, the other 3 carbon allotropes have obvious peaks in the
middle frequency range. The Raman spectrum of Pbam-32,
P6/mmm, and 143d look more complicated than that of Bct-
C4, C-carbon, F-carbon, M-carbon, O-carbon, P-carbon, T12,
W-carbon, X-carbon, and Z-carbon.[?3] It originates from the
atom number of primitive unit cell. It is 2 atoms in diamond,
4 atoms in Bct-C4, 8 atoms in F-carbon, M-carbon, and Z-
carbon, 12 atoms in C-carbon and T12, and 16 atoms in O-
carbon, P-carbon, W-carbon, and X-carbon. However, it is as
large as 32 atoms in Pbam-32, 36 atoms in P6/mmm, and even
94 atoms in Ibar43d. The larger the atom number, the more
the peaks in its Raman spectrum are.

Unlike diamond, these three newly proposed carbon al-
lotropes have infrared active modes. Infrared intensity is pro-
portional to |d /900 2, where p is the electric dipole moment
and Q is the normal-mode coordinate.!**! The infrared spec-
trum of carbon nanotube,3"! graphite,3!! graphene,*?! and
even diamond under electric field** have been reported in ex-
periment. As Pbam-32, P6/mmm, and I43d are sp> carbon
allotropes, their Born effective charges!*®! are rather small,

resulting in low infrared intensity. As given in Table 4, the
largest infrared intensity is 0.82 (D/A)?/amu for 1352 cm™!
of Pbam, 0.77 (D/A)?*/amu for 1125 cm™! of P6/mmm, and
0.70 (D/A)*/amu for 1117 cm™! of I43d. They are much
smaller than that of ionic crystals.[*!] This indicates that the
infrared spectrum may play a key role in identifying newly
proposed carbon allotropes.

Pbam-32

diamond

g

1400

800 1000 1200

Wave number/cm~!

400 600

Calculated Raman intensity/arb. units

Fig. 2. Calculated Raman spectra of powder sample at 300 K with 532-nm
excitation light. There are obvious peaks in the middle frequency region
from 600 cm ™! to 1150 cm™! except for diamond.

Table 4. Calculated frequency and infrared intensity (LI, in units (D/A)?/amux 10~2) of infrared-active mode.

Pbam-32 1166 Bou 21 1047 En 0.04 865 T, 12
Freq Sym LL 1189 Bou 22 1079 Asy 0.18 910 T, 14
374 Bi, 0.20 1194 Ba 8.5 1084 Eiy 4.1 979 T, 0.23
403 Bou 2.6 1210 Bou 0.07 1125 En 77 999 T, 4.0
544 Bou 0.01 1214 Bl 23 1185 Aoy 17 1038 T, 24
559 B 42 1215 Bou 1.8 1259 En 8.7 1053 T, 2.0
575 B 2.1 1227 Bsu 16 1284 En 5.8 1077 T, 27
586 Bsu 0.35 1235 B 35 1311 En 5.6 1085 T, 23
613 Bay 0.71 1257 Bau 4.8 1330 Ei 0.19 1117 T, 70
657 Bsy 1.8 1260 B 2.8 133d 1131 T, 0.04
690 Bl 2.1 1271 Bou 14 Freq Sym LL 1140 T, 0.69
708 Bou 43 1278 Bsu 0.25 473 T, 0.50 1168 T, 1.7
302 B3, 0.09 1307 Bsu 1.1 484 T, 0.01 1176 T, 5.4
823 Bsu 0.11 1322 Bou 12 528 T, 2.0 1216 T, 0.54
874 Bou 4.8 1342 Bau 14 616 T, 0.17 1225 T, 2.3
910 Bou 1.1 1352 Bsu 82 631 T, 0.42 1251 T, 33
917 B3y 38 P6/mmm 657 T, 5.4 1269 T, 2.7
934 Bsu 0.17 Freq Sym LL 710 T, 0.81 1276 T, 13
1008 Bou 7.4 472 Ep 12 723 T, 1.0 1289 T, 1.5
1074 Bsy 1.9 496 A 2.9 759 T, 25 1304 T, 9.9
1081 B 0.70 692 En 0.10 788 T, 0.01 1321 T, 2.1
1098 Bou 10 788 Ep 1.6 819 T, 0.73 1328 T, 0.50
1117 B3y 9.4 966 En 32 827 T, 0.02 1334 T, 46

3.3. Vibrational modes of principle peaks

As shown in Fig. 2, there are many peaks in the Raman
spectra of Pbam-32, P6/mmm, and 143d. In order to give a
detailed analysis, we depict the vibrational modes of principle
peaks in Figs. 3-5.

Figure 3 shows the vibrational modes of the principle

peaks of Pbam-32. Based on the atom movement directions,
the vibrational modes can be divided into two groups. In
Fig. 3(g), 3(m), and 3(n) belong to the first group, in which
atoms move along the a3 direction. In Fig. 3(g), the center
carbon atoms of most tetrahedrons move in the same direc-
tion as one apical carbon atom and opposite to the other two

apical atoms. Therefore, its frequency is relatively low. In

093601-5
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Figs. 3(m) and 3(n), the central carbon atoms of most tetrahe-
drons move opposite to the three apical carbon atoms. They
are similar to the F, mode of diamond. Therefore, their vibra-
tional frequencies (1309 cm~! for Fig. 3(m) and 1310 cm™!
for Fig. 3(n)) are close to the vibrational frequency of diamond
F> mode (1333 cm™!). The others belong to the second group,
in which atoms move in the a| and a; planes. In Fig. 3(c), the
center (corner) atom pairs of the unit cell move in the oppo-

(a) (b) B ()
[
Ag Ag Blg

(874 cm—1) (1001 cm—1) (1113 cm™1)
(&) (n) W
° oA b
=0 &= -9
r s o
ng Ag Blg
(1190 cm™1) (1226 cm™1) (1234 cm™1)
(m) (n) (o)
oA o ®
@ o ye
E;g B2g Ag
(1309 cm™1) (1310 cm™1) (1336 cm™1)

site directions, and the contributions of other atoms are small.
In Fig. 3(d), the contributions of center and corner atom pairs
of the unit cell still dominate the mode. The contributions of
other atoms increase relative to the scenario in Fig. 3(c). In
Fig. 3(e), carbon atoms move almost along the a; direction,
and most atoms move opposite to their nearest neighbors. The
vibrational modes of Figs. 3(0)-3(q) are dominated by a few
specific atom pairs.

(d) (e)
b
‘ )
: o
Ag Ag Blg
(1143 cm™1) (1173 cm—1) (1176 cm™1)
) () m
o o
o4 »
[ yo
Ag Big Ag
(1290 cm™1) (1303 cm™1) (1305 cm™1)
. (a)
4 I as
L o o4
L o, L L a;
as
Big Ag
(1361 cm™1) (1462 cm™1)

Fig. 3. Vibrational modes of principle peaks of Pbam-32.

Egg (1314 cm—1)

Eg, (1295 cm—1)

Ay (1029 cmY)

(g)

Ei, (1222 cm™1)

Ay (1357 cm1)

Fig. 4. Vibrational modes of principle peaks of P6/mmm.
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As P6/mmm has six-fold symmetry, the vibrational
modes in Fig. 4 look more regular than those in Fig. 3. In
Fig. 4(g), all atoms move along the a3 direction. The mode
in Fig. 4(g) is similar to the vibrational mode of Fig. 3(g).
Except for the mode in Fig. 4(g), the other modes in Fig. 4
vibrate in the a; and a, planes. In Figs. 4(b), 4(c), and 4(h),
the regular sixfold carbon rings in the unit cell corners vibrate

23291 all atoms of the sixfold ring move

like a breathing mode:!
toward the ring center. In Fig. 4(b), the regular sixfold car-
bon rings both at four corners and in the center of the unit
cell vibrate in phase like a breathing mode. In Fig. 4(c), the
regular sixfold rings at the corners and the eightfold rings in
the center of unit cell vibrate in phase like a breathing mode.
In Fig. 4(f), the atoms of the regular sixfold rings vibrate to-
ward each other. It is similar to the fully symmetric vibra-

tional mode of graphene at K point. The vibrational mode of

Ty (1251 cm™1) T (1289 cm™1)

Fig. 4(k) looks similar to Fig. 4(f). In Fig. 4(k), it is the atoms
of eightfold rings that vibrate toward each other, which differs
from the atoms of the sixfold rings in Fig. 4(f). In Fig. 4(j), the
center atoms in most of tetrahedrons move opposite to their
apical atoms. It is similar to the F, mode of diamond. There-
fore, its vibrational frequency (1314 cm™ 1) is close to that of
diamond (1333 cm™ ).

The vibrational modes of 7434 depicted in Fig. 5 are com-
plicated. Although 7434 belongs to the high-symmetry point
group Ty, there are 94 carbon atoms in its primitive unit cell.
Consequently, the vibrational modes depicted in Fig. 5 are
complicated and irregular. They do not show clear and distinct
pattern. All the detailed information about vibrational modes

of Pbam-32, P6/mmm, and 143d can be found in supplemen-

tary data.

S

7

Ty (1225 cm—1)

a;

as a

T, (1328 cm—1)

Fig. 5. Vibrational modes of principle peaks for I43d. We only give carbon wireframe here for clarity.

3.4. Electronic band structures

In order to to deepen the understanding of these three new carbon allotropes, we calculate their electronic band structures
and show them in Fig. 6. As shown in Fig. 6, the Pbam-32, P6/mmm, and 143d have obvious band gaps, which are 4.8, 3.4, and
6.1 eV, respectively. For the occupied states from —21 to 0, they are composed of 2s and 2p states. Owing to the sp> bonds, there

are obvious energy dispersion in Figs. 6(a)-6(c). Compared with Figs. 6(a) and 6(b), figure 6(c) is a little messy. This is because

there are 32 atoms in the primitive unit cell of Pbam-32, 36 atoms in P6/mmm, and 94 atoms in 143d. The atom number in 743d

is about three times that of Pbam-32 and P6/mmm. This large number of atoms brings about the fact that there are more points

in the band structure of 434 for a special k point.
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Fig. 6. Calculated electronic band structures of (a) Pbam-32, (b) P6/mmm, and (c) I43d. The energy of the highest occupied state is set to be zero.

4. Conclusions

By the factor group analysis method, we classify the
vibrational modes as Pbam-32, P6/mmm, and 143d. Ow-
ing to the large atom numbers in their primitive unit
cells, these three carbon allotropes have many Raman
There are 48 Raman-active
modes (16Ag+16B1;+8B2g+8B3y) and 37 infrared-active
modes (7By+ 15Boy+ 15B3y) in Pbam-32, 24 Raman-active
modes (6Ag+6E;;+12Ey;) and 14 infrared-active modes
(BAgy+11Eyy) in P6/mmm, and 34 Raman-active modes
(11A14+23E) and 35 Raman- and infrared-active modes
(35T,) in 143d. After that, we calculate their I"-point phonon
frequencies. We find that most of frequencies of the Raman-

and infrared active modes.

active modes are far below the Raman frequency of diamond
(1333 cm™!) and graphite (1350 cm~! and 1586 cm™!). Fur-
thermore, we calculate the first-order Raman and infrared in-
tensities. Their Raman spectra can be divided into two ranges:
middle frequency range from 600 cm~! to 1150 cm~' and
high frequency range above 1150 cm~!. Their largest infrared
intensities are 0.82, 0.77, and 0.70 (D/A)zlamu for Pbam-32,
P6/mmm, and 143d, respectively. This indicates that the mid-
dle frequency Raman shift and infrared spectrum may play a
key role in identifying newly proposed carbon allotropes.
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