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Table 1 Space group, lattice constant (A), bond angle (°), mesh size (A) of the two allotropes.

Systems  Space group lattice constant bond angle mash size
C, Pmmm a=9.428, c=17.388 /1=122.923, /2=128.859,/3=141.350 S1=3.591, S2=5.991, S3=5.200
Cz Pmmm a=9.380, c=19.102 £1=142.684, /2=132.224 S1=3.591, S2=4.517

force on each atoms converges to be less than 0.01 eV/A.

To measure the thermodynamic stability of Cy and C,
the molecular dynamics (MD) code LAMMPS?® was car-
ried out. The adaptive intermolecular reactive bond order
(AIREBO) potential > was used to describe the C-C interac-
tion with the cutoff distance of 3 A. Periodic boundary con-
ditions were used in the XZ plane. The simulations were
performed in the NVT ensemble with the temperature con-
trolled by the velocity scaling method. The time step of the
simulations was set as 0.2 fs. The atoms used in the sim-
ulations were 11088 and 6144 for C, and C,, respectively.
Meanwhile, the ab initio molecular dynamics (AIMD) simula-
tion as implemented in CP2K/QUICKSTEP program package
(http://www.cp2k.org)3® was also performed to further con-
firm their thermodynamics stabilities. The CP2K package em-
ploys a mixed Gaussian and plane-wave basis set and norm-
conserving pseudopotentials. The Kohn-Sham orbitals were
expanded in the basis of Gaussian functions by employing
double zeta valence polarized basis sets which are optimized
for the GTH pseudopotentials (DZVP-MOLOPT-SR-GTH)?3!.
A 400 Ry cut-off energy was used for plane-wave basis set. In
the AIMD simulations the NVT ensemble was also used with
a target temperature of 500 K, maintained with a Nosé-Hoover
chain thermostat.

3 Results and Discussions

From the point of view of structure, using stable segment
of existent carbon allotrope such as H-diamond, mutated H-
diamond, and C-diamond we successfully proposed H-carbon
and S-carbon in our previous work32. We call such method
as segment combination method. With the main point of seg-
ment combination method, the 2D carbon allotropes can be
constructed by choosing stable carbon based molecules as sta-
ble segment. In present work, we choose the molecular seg-
ment which has been synthesized in experiments>? by which
the new allotropes proposed in present work are hoping to be
realized in experiments. Up to now, the monomer of hex-
aethynylbenzene*, biphenylene>> and carbyne3® can be not
only synthesized in experiments but also easily modulated.
Using the three molecular segments as the basis, through first-
principles relaxation we find two stable 2D carbon allotropes
named as C, and C, composed purely of carbon atoms as

Fig. 1 (a) and (b) stand for the DFT-optimized structures of Cy, and
C;, respectively. All spheres stand for carbon atoms. The green and
pink sphere groups stand for carbyne chain; the blue and red sphere
groups respectively stand for the monomer of
dehydro-hexaethynylbenzene and biphenylene, respectively. The
non-equivalence bonds and several important bond angles are
labeled. The group lies in the violet rectangular dotted box stands
for a monomer of dehydro-hexaethynylbenzene. The units of bond
length and angles is “A” and degree “°”, respectively.
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shown in Fig. 1 (a) and (b), respectively. Similar to the
synthesized graphdiyne that can be constructed by dehydro-
hexaethynylbenzene, C, can be taken as organic combination
of the three kinds of monomers mentioned above, as shown
in Fig. 1 (a), where the blue, red, and green spheres respec-
tively belong to dehydro-hexaethynylbenzene, biphenylene,
and carbyne molecules, respectively. As for C, it can be built
by only assembling biphenylene and carbyne molecules, as
shown in Fig. 1 (b), where the green and pink spheres are
part of carbyne chain and the red spheres belong to bipheny-
lene molecule. Both Cy and C; share the same space group
Pmmm. They contain C4 squares, C6 hexagons, C8 octagons
as well as 12, 14 and 18 rings. In the two structures, the bond
length in different size polygon is unequal, such as C4 or C6
rings. Moreover, the bond lengths of two polygons with the
same size are also different. For example, as shown in Fig 1.
(a), Cy contains three kinds of C4 rings which are labeled as
A, B and C, respectively. The value of the nonequivalent bond
length of A ring is 1.485 and 1.491 A whereas the nonequiv-
alent bond length of B ring is 1.531 and 1.452 A, and for C
ring, the value is 1.447, 1.480, 1.499 and 1.501 A. There are
two types of C6 rings for Cy, labeled as M and N, respectively.
The similar situation can be also found for C,, as shown in
Fig. 1 (b). Meanwhile, C, and C; contain much short bond
lengths ranging from 1.219 to 1.416 A. Apparently, there are
two kinds of hybridized carbon atoms in the two geometries,
which is similar to graphyne family consisted of sp> and sp
carbon atoms. Several important bond angles are also labeled
in Fig. 1, where the angle value of 122.923° suggests sp” hy-
bridization carbon atoms. The lattice constants of C, and C,
are shown in Tab. 1. The results show that along 4 the lattice
constant is nearly the same for the two structures, while along
another periodic direction ¢, the lattice constant of C, is much
larger than that of Cy.

As for the structure of the two systems, one interesting point
is the specific well-defined mesh structures, as shown in Fig.
1. C, contains three kinds of mesh labeled S1 (C8), S2 (C18)
and S3 (C12). The diameter of them is 3.591, 5.991 and 5.200
A. For C., two sized large meshes can be found, and the diam-
eter of them is S1 (C8, its diameter is 3.591 A) and S2 (C14,
its diameter is 4.517 A). This distinctive structure is similar
to porous graphene3®*°, which is suitable for 2D molecular
sieve.

To evaluate the stability of C, and C,, the formation en-
ergy with respect to graphene defined as Ey = [E;y(sheer) -
NEJ/N (where E;y(sheer) and Ec is the total energy of a cor-
responding unit cell of each carbon allotrope and an isolated
carbon atom, respectively; N is the total number of carbon
atoms in each unit cell) was calculated and the results are
shown in Fig. 2. The relative formation energy of other four
carbon allotropes including graphyne, graphdiyne, grapheny-
lene, and carbyne are also included in the figure for com-

Formation energy (eV/atom)

Fig. 2 Formation energy per atom of Cy and C; as well as several
other carbon allotropes for comparison purpose.
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Fig. 3 (a) and (b) respectively stands for the &. versus €, and g,
versus & for Cy. (c) and (d) respectively stands for the & versus &,
and g, versus & for C;. The blue circles are calculated data which is
fitted by function of y=-v|x+vyx>+v3x>+v4x* denoted by red line,
with vy as the linear Poisson’s ratio.
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parison purpose. The results indicate that the stability se-

quence is graphene > graphenylene > graphyne > C, > C,

> graphdiyne > carbyne. Although graphdiyne is much less
favorable as compared to C; and Cy due to its higher forma-

tion energy, it was synthesized in experiment > suggesting the

great possibility for the synthesis of Cy and C,. We further

check their thermodynamic stabilities because only relatively

lower energies are inadequate to determine the possible exis-

tence of Cy and C,. Hence, AIMD simulation was performed

under the temperature of 500 K, 1 fs time step, and NVT en-

semble. 2x1x2 supercells (which contains 168 and 192 car- (a)
bon atoms for Cy and C, respectively) were adopted in AIMD
simulations. We find that C; and C, maintain their initial con-
figurations for 6 ps, which confirms their thermodynamical
stabilities. The temperature in function of time steps in the
AIMD simulations is shown in Fig. 3 (a) and (b) for Cy and C,
respectively. The temperature stably fluctuates around 500 K.
The potential energy of Cy and C; in function of time steps in
the simulation is also displayed in Fig. 1 (c¢) and (d), respec-
tively. The results indicate that the potential energies of the
two systems fluctuate around average value during the whole
simulation time. Both above results confirm the possibility of
their existence in reality under the temperature. Although the
AIMD simulations can give credible results, it is difficult to
simulate the thermodynamic stability of a system with a large
scale atoms due to its restriction on the computational capa-
bilities and time-consuming. Therefore, we in turn perform
LAMMPS code to further verify thermodynamic stabilities of
Cy and C;. The simulations were carried out in the NVT en-
semble with a time step of 0.2 fs at 1000 K and 1500 K for
Cy and C,, respectively. In the simulations, 11088 and 6144
atoms were used for Cy and C, respectively. The results indi-
cate that the two geometries are preserved very well even after
running 300 ps. Our recent work3® reported that graphdiyne
starts to produce defects when the temperature close to about
1200 K. The above results indicate that the stability of C, are
almost identical with graphdiyne, whereas C, is more stable
than graphdiyne.

The Poisson’s ratio is an important physical parameter on
account of the mechanical property of a material. In the fol-
lowing, we calculate the Poisson’s ratios of Cy and C,. When
deformation is applied along & direction, the induced strain in
the ¢ direction and visa versa is shown in Fig. 3. As is shown
in Fig. 3 (a), the calculated data (blue circular) behaves as a
strongly nonlinear feature, which can be well fitted by func-
tion of y=-vx+v,x>+v3x>+v4x*. The linear parameter v; is
fitted to be 0.451 and can be viewed as the linear Poisson’s
ratio in the ¢ orientation. Similarly, the Poisson’s ratio in the
d orientation is 0.256, as shown in Fig. 3 (b). Obviously, as
for C,, the stiffiness in the & orientation is harder than that in
¢ direction. For C,, however, the stiffiness in the d orientation
is softer than that in ¢ direction. These results indicate that the

Energy (eV)

]
DOS (a.u.)

DOS (a.u.)

Fig. 4 Band structure and corresponding PDOS of Cy (a) and C;
(b), where the letter T stands for the total density of states of
corresponding structures.
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Fig. 5 (a) Charge density in a 2x2 unit cell of Cy. (b) and (c)
respectively are the charge density of CBM and VBM of C;. The
isosurface of charge density is 0.0007 electron/A3.
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Fig. 6 Density of states (DOS) contributed by butine chains and
other parts in the unit cell of (a)Cy and (b)C;.
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Fig. 7 Band gap of C; in functions of strain.

mechanical properties of Cy and C; are anisotropic.

We then further study the electronic properties of Cy and
C; based on the stable configuration obtained above. The cal-
culated band structures and partial density of states (PDOS)
of Cy and C; are shown in Fig. 4 (a) and (b), respectively. The
results indicate that the valence band of Cy pass through the
Fermi level (Ey) indicating its metallic nature. The uniform
charge density distribution of Cy as shown in Fig. 5 (a)
indicates that Cy is a good conductor. As is shown in Fig. 6
(a), the states from the butine chains and other parts nearly
have the same contribution to the states around the E¢, which
results in the continuous distribution at butane chains and
other parts. Naturally, the conductive feature of C is almost
the same whether along 4 or ¢ direction. The PDOS of Cy as
shown in Fig. 4 (a) shows that the conduction electrons mainly
come from the p, (here y is the direction perpendicular to
carbon layer) states of carbon atoms similar to the conductive
origin of graphene. The band structures of C, indicate that
it behaves as an indirect semiconductor. Its conduction band
minimum (CBM) locates at I point, whereas its valence band
maximum (VBM) locates at the point between the I and X’
point. The energy gap between VBM and CBM is 0.858 eV.
The partial charge density of CBM and VBM is shown in Fig.
5 (b) and (c), respectively. In contrast to the case of Cy, as
for C., the distribution of charge density is zero on the four
carbon chains in the unit cell of C;, which naturally splits
the whole carbon sheet into independent one dimensional
channels along x-axis. The DOS of CBM and VBM for C,
are mainly contributed by carbons other than butine chains, as
shown in Fig. 6 (b), which is the essential reason of forming
such stripe-like charge distribution. The strong continuous
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localization of charge density along x-axis will give rise
to anisotropic electronic conductivity in C, structure. The
distance between such stripe-like electron transport channels
is up to 4.01 A, by which a perfect 1D aligned electron
transport is able to be realized in C; structure. The anisotropic
property of electronic transport in C, structure may bring
about potential applications in nano-electronics because 1D
electronic channels can be applied as conducting wires in thin
film transistor.

Considering the preparation and application of Cy and C;
should be supported on certain substrate, the lattice mismatch
between the two structures and substrate is inevitable. The
study of the dependence of the electronic structures of the
two systems on strain effect is significant. We use uniaxial
strain along axis d or axis ¢ and the strain ranges from -9%
(negative is compressed strain) to 9% (positive is tensile
strain). As for C, within the strain range the system always
keeps original metallic nature until a tensile strain along axis
d approaches to 9% turning it into an indirect semiconductor.
Within the strain scope (-9%, 9%), the type of the band gap
of C, maintains its unstrained indirect gap feature. However,
the results as shown in Fig. 7 indicate that the energy gap of
C; is sensitively dependent on the in-plane uniaxial strain.
When the strain is along ¢ vector the band gap of C, decreases
with the increase in both stretch and compressed strain.
The band gap can be tuned from 0.211 (o = 9%) to 0.858
eV (o0 = 0). When the compression strain is along d, the
decrease trend of band gap is nearly identical to that along the
¢ vector. The band gap decrease from 0.858 eV to 0.455 eV
(o0 = —9%). However, under stretching strain along d, the
band gap decreases when the stretching strain is smaller than
3%, and then the band gap slightly increases when the strain
is larger than 3%. To understand the reason that the band
gap of C, varies with the in-plane uniaxial strain, a detailed
analysis was made as follows: under zero strain, the CBM of
C; locates at I" point while its VBM locates between the I" and
X’ points. When applying compression strain of -3% along
a axis, we can find that from the Fig. S2 (a), the location of
CBM shifts to the point between the X and I” points, whereas
VBM keeps unchanged. The energy of the CBM and VBM all
decrease relative to Fermi level, but the decreasing amplitude
of the CBM is larger than that of VBM. With increasing of
compression strain, the location of CBM and VBM are nearly
unchanged (the location of VBM under compression strain of
-6% lies between M and X points), but the energy of CBM
consistently decreases, whereas VBM continuously increases,
which leads to the continuous decrease of the energy gap
of C,. The same conclusion can be found when applying
compression strain along ¢ axis, as shown in Fig. S2 (b).
When applying tensile strain of 3% along d axis, the location
of CBM jumps to the point between I" and M points, whereas
VBM nearly unchanged. In the process, the energy of CBM

has a significant decrease in spite of the energy of VBM
only shows a little decrease, which results in the decrease
of band gap of C,. With increasing of tensile strain further
along a axis, however, the energy of CBM tends to have a
slight increase, whereas the VBM nearly unchanged, thereby,
the energy gap of C; in turn starts increasing slightly. When
applying tensile strain along ¢ axis, the CBM shifts to the
point between X and I'" points, whereas VBM shifts to the
point between M and X point. With increasing of tensile
strain, the energy of CBM and VBM continuously decrease
and increase, respectively, which leads to the decreasing of
the band gap of C, as shown in Fig. S2 (b). The above results
indicate that the band gap of C, can be significant adjusted
by the in-plane strain, which will make C, find interesting
applications in nanoelectronics.

4 Conclusion

By performing the first-principles calculations, two novel 2D
carbon allotropes named Cy and C; with Pmmm symmetry are
predicted to be energetically and thermodynamically stable.
The Poisson’s ratios of Cy and C, show their anisotropic
mechanical properties. The electronic structure calculations
indicate that Cy is a metal and C; is a semiconductor with
band gap of 0.858 eV. The electronic conductivity of C,
is anisotropic in the direction of the two unit cell axis,
moreover its band gap sensitively depends on in-plane strain.
Meanwhile, their well-defined mesh structures are promising
for gas molecular separation and storage.
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