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Novel 2D PC; with a Dirac Cone and Edge-Size

Dependence

Ling Shang, Peng-Fei Liu, Heng Gao, Wei Wu, Yin Wang, Zhibin Gao,

Bao-Tian Wang,* and Wei Ren*

2D materials with Dirac cones, which show a linear band character near the
Fermi level, exhibit many novel properties. Herein, based on first-principles
calculations, the 2D phosphorus carbide (PCs) monolayer is studied systemat-
ically. The stability is examined by calculating the formation energy, phonon
dispersion, and elastic constants as well as by performing ab initio molecular
dynamics (AIMD) simulations. Due to the similarity of its structure to that of
graphene, one Dirac cone is exactly located at the Fermi level, which is very
robust against external biaxial and uniaxial strains. Treating the PCs monolayer
as graphene with doped P atoms along the armchair direction, a 3N rule is found
similar to that of graphene nanoribbons with armchair edges. These physical

nanoscale devices.>* In particular, the
massless fermions of the Dirac conel* lead
to  halfinteger'™>®/fractional”/fractal®
quantum Hall effects (QHEs), ultrahigh
carrier mobility,® and many other phe-
nomena. The great development also moti-
vates the continuous search for new Dirac
cone materials. From 2D graphene to the
3D topological systems,'***! for example,
the coexistence of Dirac points and
Weyl points in momentum space can be
realized in a hexagonal lattice SrHgPb.!*”!
Furthermore, in the 1D system, multiple

properties make the PCs monolayer a promising 2D material for emerging

electronics applications.

1. Introduction

Since graphene was discovered by mechanical cleavage,? the
Dirac cone materials, which show a linear band dispersion near
the Fermi level, have been investigated intensively because of
their novel physical properties and potential applications in
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Dirac points can also be revealed in the
armchair single-wall carbon nanotube.!"®!

As for the 2D system, much effort has
been made to explore theoretically new car-
bon allotropes,!'”*) other elemental allo-
tropes,! organometallic  crystals,>*?*!  sulfides 2233
carbide ! and so on. Even so, compared to the amount of
2D materials, large seeking for new 2D Dirac cone materials
is still challenging work.!*%

It is known that both carbon and phosphorus form stable 2D
monolayers and have similar structures including the threefold
coordinated atoms and a hexagonal lattice,**"*?! 50 it is reason-
able to assume that compound phosphorus carbide (PC) mono-
layer materials might exsit. Several 2D-monolayer PCs have
been theoretically predicted to be stable,***!) and few-layer
2D black PC has been fabricated successfully in experiment
through a new carbon doping technique.** These PC materials
may have many excellent properties, for example, infrared
phototransistors with a wide absorption spectrum made by
few-layer black PC exhibit good responsivity and a minimum
response time performance.*”! y-PC and f,-PC were proposed
as alkali-metal-ion battery materials.***”! In our previous work,
we have also predicted B,-PC to be an intrinsic phonon-mediated
superconductor, with an estimated superconducting tempera-
ture T, of ~13 K.1*8

Recently, a new 2D family of PC, (x=2, 3, 5, 6) was theoreti-
cally predicted by extensive structural search.*” The PC, mono-
layer and PCs monolayer are metals, whereas the PC; monolayer
and PC,; monolayer are semiconductors. The PC; monolayer is
predicted to be an excellent anode candidate®®~? and a potential
candidate as NO, sensors.’*! The PC; monolayer is expected to
be a high-capacity and rapidly charging anode material for
sodium-ion batteries,* a promising photocatalyst for overall
water splitting,®® and thermoelectric material.”® The PCs
monolayer is expected to be a promising anode material for
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lithium-ion batteries.*? In this PC family, the PC, monolayer
and PCs monolayer possess a Dirac cone at the Fermi level.

Here, based on density functional theory (DFT), we systemat-
ically investigate the electronic properties of the PCs monolayer.
Our calculations reveal that the PC5 monolayer possesses a Dirac
cone derived from C p, orbitals with an ultrahigh Fermi velocity.
The PCs monolayer can be treated as a doped graphene system
with P atoms along the armchair direction. By changing the
number of C¢ rings between P chains, we obtain the band struc-
ture of these monolayers and summarize a 3N rule.

2. Results and Discussion

2.1. Geometrical Properties

The hexagonal structure is the most favorable for the existence of
Dirac cones!*” in the PCs monolayer material. Monolayer PCs
has an anisotropic rectangular structure with lattice constants
a,=4.39A and a, =7.85A. All the atoms in the unit cell of
PC;s are threefold coordinated, similar to the planar honeycomb
lattice of graphene. The P atoms are aligned in a direction (arm-
chair edge) and each P atom is coordinated with two C atoms, as
shown in Figure 1a. The structure can be seen as the ribbons of
Cs rings separated between the P chains.

As shown in Figure 1a, the PCs monolayer possesses a buck-
led structure, which mainly stems from competition between the
favored planar sp? hybridization of C atoms and the nonplanar
sp® hybridization by P atoms. Each C bonds with the three near-
est neighbors in a nearly planar configuration such that the C
atoms are sp® hybridized. In contrast, the buckled configuration
is shown near P atoms, implying sp® hybridization due to P
atoms. This bonding configuration satisfies the chemical octet
rule on both C and P sites and enhances the structural stability
of the PCs monolayer.

The buckling thickness of the PCs monolayer, simply mea-
sured by the distance between the top and bottom atomic layers,
is d=1.55 A, being slightly larger than that (1.24 A) in the hon-
eycomb lattice of semiconducting blue phosphorene.F”) Our
calculated P—C bond length of monolayer PCs is 1.82 A, which
is larger than the P—C double bond length (1.67 A) but nearly
equal to the P—C single bond length (1.83 A).F%>"!
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Figure 1. a) The structural geometry, including top view, side view, and the Brillouin zone of the PCs monolayer. a; and a, are the lattice constants. The
small balls are C atoms and the large balls are P atoms. b) The phonon dispersions along the high-symmetry directions in the 2D Brillouin zone.
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2.2. Structural Stability

Stability is crucial for low-dimensional materials for their actual
applications as electronic devices. To evaluate the stability of the
PCs monolayer, we compute the formation energy with respect
to the phosphorene!**” and graphene, defined as

Eyp — npEp — ncEc
np =+ nec

Er = 1
where E,p is the total energy of the PCs monolayer, Ep and E¢
are the energies of phosphorene and graphene per atom, and np
and nc are the number of P atoms and C atoms of the PC5 mono-
layer, respectively. The result shows that the PCs monolayer has a
formation energy of 0.28 eV per atom, which is slightly smaller
than those we calculated of a-PCM*? (0.42eV per atom) and
Bo-PC** (0.66 eV per atom) monolayers. The similar positive for-
mation energies suggest that PCs, a-PC, and p,-PC are equally
stable. Although the synthesis of PCs may be an endothermic
process, a small value means that PCs is not necessarily impos-
sible to be synthesized. For example, the successful synthesis of
metastable structures is already reported, such as the layered
As,_,P, compounds, which were predicted®! and synthe-
sized.!®” To examine the structural stability of PCs, we further
calculate the phonon dispersion spectrum and 2D elastic con-
stants and perform ab initio molecular dynamics (AIMD) simu-
lations. The results indicate that the PCs; monolayer is
dynamically, mechanically, and thermally stable. The phonon
dispersion spectrum calculation is performed using a 3 x 2 x
1 supercell and the result is shown in Figure 1b. As there are
no imaginary frequencies, the PCs monolayer turns out to be
dynamically stable. Based on the strain versus energy method,
we extract the 2D elastic constants of the PCs monolayer. The
Ci1, Cip, Cyy, and Cg are calculated to be 199.1, 22.3, 173.4,
and 24.6 Nm™!, respectively. For the rectangular lattice, the
Born criteria (Cy; > 0, Cg6 > 0, Cyq X Cyy > Cpp X Clz)[“] are
satisfied in this structure, so the results suggest that this 2D
structure is mechanically stable. Finally, we check the thermal
stability of the PCs monolayer by conducting AIMD simulations.
A large 3 x 3 x 1 supercell under the temperature of 500 K is
used during the simulations. After heating for 5 ps, the PC;
monolayer does not have drastic structural distortions, and after
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another optimization, the distorted monolayer structure can be
restored to the initial structure. We can conclude that the PCs
monolayer structure is thermally stable. These results of stability
evaluation are consistent with the previous DFT work.’%

2.3. Electronic Properties

The orbital-resolved band structure of the PCs; monolayer is
shown in Figure 2a. Here, we can see that the PCs monolayer
shows a linear band-crossing point along the I'-Y direction,
which reveals its intrinsic metallicity, indicating good electronic
conductivity. The merging point of the conduction band mini-
mum (CBM) and the valence band maximum (VBM) is located
at the (0, 0.24, 0) point in the reciprocal space and constitutes the
Dirac cone exactly at the Fermi level, which is set to 0eV. The
Dirac cone is mainly originated from the p, orbital of C atoms,
which is similar to that in graphene (dominated by the p, orbital).
The s, p,, and p, orbitals of the C atom and s and p orbitals of the
P atom mainly contribute to the deeper energy levels and hardly
participate in the formation of the Dirac cone. The 3D valence
and conduction bands are also calculated and shown in
Figure 2b, which clearly show the features of the Dirac cone
in the first Brillouin zone. There are two Dirac cones along
the (010) direction. Furthermore, the existence of the Dirac cone
has also been examined by the HSE06 calculation.

To obtain the bonding characters and electronic properties in
the PCs monolayer, the electron localization function (ELF) and
the partial charge densities at the Dirac points are calculated, as
shown in Figure 3. The blue region is typical of a low-electron-
density area, which indicates an ionic bond, whereas the region
with an ELF value larger than 0.5 corresponds to a covalent bond
or core electrons. The value of the ELF close to 0.5 means a metal-
lic bond.[***> The ELF for the PCs monolayer shows that there
are high-electron-localization regions between two adjacent car-
bon atoms. In other words, the electrons are mainly localized at
the strong C—C bonding regions. The regions between P atoms
and C atoms are also in the same situation. The analysis of the
ELF clearly shows that the bonds between nearest-neighbor C
atoms or P and C atoms are covalent. In the vicinity of P atoms,
there are also high-electron-localization regions, which means
the presence of lone-pair electrons of P atoms. Together with
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the buckled configuration near the P atoms, it further confirms
that P atoms adopt an sp® hybridization.

In the real space, the partial charge densities of the CBM and
VBM are originated from the four nearest C atoms to P chains
(see Figure 3). The charge density distribution is derived from
the out-of-plane (p, orbital) states. The results clearly confirm
that the couplings of C p, orbitals along x and y directions, as
shown in Figure 3c,d, cross each other and form the Dirac point.

The Dirac-cone-like electronic structures generally show excel-
lent electronic transport properties due to the linear band char-
acter in the vicinity of the Dirac point. The Fermi velocity (vf)
values are calculated using the formula v = (1/4)(0E/0k),
where 0E/ 0k is the slope of the valence or conduction band near
the Dirac point and # is the reduced Planck’s constant. The cal-
culated v¢ values of the PCs monolayer alongI' - Yand Y —» T’
directions are 3.95 x 10° and —2.72 x 10° ms™", respectively,
which are of the same order as that of graphene (9.5 x 10° m
s~ To verify our computational results of PCs, we further
calculate the Fermi velocity of graphene at the same theoretical
level. The results are 9.44 x 10° and —9.33 x 10° ms™ ' along
I' - K and K — I’ directions, respectively, which is consistent
with the previous calculation result at the DFT level.°® The linear
dispersion curves of energy around the Dirac point suggest elec-
tron effective mass is zero near the Fermi level. The high Fermi
velocity and massless carrier character in the PCs monolayer will
benefit future electronics devices.

To further examine the robustness of the Dirac cones in the
PCs monolayer, the different planar strains are applied on the
monolayer by changing the lattice as ¢ = (a — ay)/ay, where
ay is the equilibrium lattice constant. It is found that the
Dirac cones are robust to strain and can be well preserved within
the biaxial strain range of —5% to 8%, as shown in Figures 4
and 5. When the external strain is larger than 8%, the VBM
and CBM separate from each other and the Dirac cone is no lon-
ger present. It can be seen that the in-plane strain does not affect
the contribution of the out-of-plane p, (red) orbitals for the Dirac
cone. As the tensile strain changes, the band from Y to I
becomes flat, which means that the Dirac cone gradually
becomes anisotropic. Then we apply the uniaxial strain, for exam-
ple, the strain along the x-axis and y-axis directions, respectively,
and show the results in Figures 6 and 7. As shown, the Dirac
cone still survives under x-axis uniaxial strain in the range from

Figure 2. a) The orbital-resolved band structures of the PCs monolayer and b) the 3D band structures in the first Brillouin zone.

Phys. Status Solidi RRL 2021, 2100203

2100203 (3 of 9)

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.pss-rapid.com

ADVANCED
SCIENCE NEWS

iSIS"

physica

www.advancedsciencenews.com

(a)

3 (& &

"}"’ #w i
Qed - S

Bl
0"

e
g B
X

- IR
(ReP "R

www.pss-rapid.com

Figure 3. a) The ELF of the PCs monolayer with an isovalue of 0.7 au. b) ELF maps sliced perpendicular to the out-of-plane direction for the PCs mono-

layer. ¢) VBM and d) CBM charge density contours at the Dirac point.
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Figure 4. The orbital-resolved band structures of the PCs monolayer under biaxial strains from —5% to 5%.

—5% to 5%. The band structures of the PCs; monolayer with
different uniaxial strains along the x-axis are shown in
Figure 6. When we apply the strain along the y-axis, we find that
the Dirac point moves along the Y to I" direction gradually, and
when applying 5% tensile strain, the Dirac point is eventually
located at the I" point, as shown in Figure 7.

The partial charge densities of the VBM distribute along the y-
axis direction, whereas the partial charge densities of the CBM
distribute crossly along the x-axis direction. This can explain why
the Dirac point is easily affected by the uniaxial strain along the y-
axis. This insensitivity to the planar biaxial strain may be advan-
tageous to its possible application in more complicated mechan-
ical environments.

We also check the dynamic stability of the strained PCs mono-
layers. From our calculated phonon spectra under different
strains (not shown), we find that when applying compressing
strains, there are small imaginary frequencies in the acoustic
phonon modes, whereas the tensile strains (up to 8%) never
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induce such dynamic instability. Although there are imaginary
frequencies for compressed PC5 monolayers, we still want to
investigate their electronic properties. Such unstable phonon
modes may be stabilized by proper doping or substrate.

The Fermi velocities under different stains are also calculated
and are shown in Table 1. We can see that the Fermi velocities
decrease with increasing strain e for both biaxial and uniaxial
strain. This is due to a reduction of the overlap of the m-orbitals.!”!
In addition, the v,_yr and v, _ry decrease slowly, whereas the
vy_yr and v,_ry decrease rapidly. This result agrees well with
the situation in graphene.*”! When applying the uniaxial strains
in graphene, the Fermi velocity decreases along the strain axis and
remains almost the same in the perpendicular direction.!*”)

As mentioned previously, the distinguishing feature of the
PCs monolayer is the alternation between P chains and the
two Cg rings. In other words, the PCs monolayer can be seen
as graphene with doped P atoms along the armchair direction.
So there is another thought that we change the number of the

© 2021 Wiley-VCH GmbH
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Figure 6. The orbital-resolved band structures of the PCs monolayer under uniaxial strains along the x-axis from —5% to 5%.

Cg rings between P chains to see how the electronic structures of
these monolayers change. We calculate the band structures of
these monolayers with different numbers (from 1 to 9) of Cg
rings between P chains. We find that the band structures are sim-
ilar among 1, 4, and 7 (2, 5, and 8; 3, 6, and 9) C, rings, as shown
in Figure 8. It seems that there exists a rule that the band
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structures are similar with a multiple of 3 Cq rings. As shown
in Figure 8, the Dirac point is preserved when the structure
has 3N — 1 C; rings between P chains. The VBM and CBM
of 3N + 1 are located at the I' point (except for 1), whereas
the VBM and CBM of 3N systems are located at the Y point.
The gap values of the 3N and 3N + 1 system are dependent

© 2021 Wiley-VCH GmbH
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Figure 7. The orbital-resolved band structures of the PCs monolayer under uniaxial strains along the y-axis from —5% to 5%.

Table 1. The Fermi velocities (in the unit of x10°ms™") of different
strained structures. v,_ry and v,_yr stand for the Fermi velocities
under biaxial strains along the ' =Y and Y —T directions,
respectively. v,_yr/v,_yr and v,_ry/v,_ry represent the Fermi velocities
under x/y uniaxial strains along the ' =Y and Y — I directions,
respectively.

Strain [%] Vb—ry Vp—yr Very Vy—yr Vyry Vy_yr
-5 5.99 4.76 4.51 2.86 4.51 4.35
-3 4.99 3.99 4.16 2.80 4.36 3.66
-1 4.23 3.10 4.02 2.76 413 3.01
1 3.73 2.26 3.93 2.57 3.70 2.31
3 3.53 1.47 3.90 2.32 2.91 1.52
5 3.50 0.76 3.88 2.06 2.20 0.84
6 3.45 0.41 - - - -

8 2.77 0.06 - - - -

on the widths between P chains (except for 1); that is, the gap
values decrease as the widths increase. We conclude that the sys-
tem is metallic when M = 3N — 1, where M is the number of Cg
rings between P atom chains, whereas the system is insulating
when M =3Nor M =3N+1.

There are other similar 3N rules found when carbon atoms
are assembled into hexagonal lattices.[®® 7%, For instance, after
the dopant atoms N, B, S, Al, Si, and P are periodically doped
in graphenes, there is a zero gap or a neglectable gap at the
Dirac point when its primitive cell is 3N x 3N (N is an inte-
ger).[®®! Doping along the linear direction in graphenes has
been studied in previous works;®®7*7* there is a 3N rule
found in the nitrogen-molecule-doped graphene system.[®”!
When W =3N —1 and 3N (N is an integer), the structures
have type-I Dirac cones around the Fermi level, while they
have type-II Dirac cones when W = 3N + 1. The structures
in these linear doping systems contain pentagonal, hexagonal,
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and octagonal rings, whereas the structure in our work only
has hexagonal rings. The graphene nanoribbons with arm-
chair-shaped edges on both sides (AGNR) are metallic and
show Dirac cone characteristics only when M =3N -1
(M denotes the number of dimer lines for armchair ribbons);
otherwise AGNRs are insulating, and their bandgaps decrease
with increasing N.”®”" Other groups also have a similar con-
clusion that the band structure of AGNRs is metallic, display-
ing a Dirac point when the width in lattice constant units has
the form 3N 41, with N an integer, and insulating other-
wise.”? The band structures of the two works described pre-
viously are modeled by a tight-binding approximation
based on = electronic states and a 2D free massless particle
Dirac’s equation, respectively. However, based on
first-principles approach, AGNRs are shown to have bandgaps,
regardless of the width.”>) The edge effects, in which the
bonds and the on-site energies of the carbons at the edges
are different from those in the middle of the AGNRs, play
a crucial role. These simplified models ignore the edge effect,
so the neighbor hopping t is always the same and there is no
change according to the location.

Our discovery is very similar to the 3N rule in AGNRs. The P-
doped graphene and AGNR systems are very similar, where P
chains can also be seen as the passivated atoms, just like hydro-
gen atoms at AGNR edges. Following the previous work,”" the
AGNRs are classified by the number of dimer lines across the
ribbon width. The systems we calculated can be denoted as 3,
5,7,9, 11, 13, 15, 17, and 19, successively. The 5, 11, and 17
(3N — 1, N is the even integer) systems exactly follow the rule
found in the aforementioned work. The energy gap decreases
as the width increases, which is consistent with the results of
the previous work. P atoms act as the armchair edges and ensure
periodicity and continuity. Importantly, the band structures
of 3N —1 show the Dirac cone characteristics from the
first-principles calculation.
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Figure 8. a—i) Electronic band structure and geometry structures of the monolayers with different numbers (1, 2, 3, 4, 5, 6, 7, 8, and 9) of Cg rings between

P chains, where b) is the PCs monolayer.

3. Conclusion

We have studied the PCs monolayer as a new family of 2D
materials with intrinsic Dirac cone structure based on first-
principles calculations. This monolayer, which is very similar
to graphene with a hexagonal lattice, can be seen as doped gra-
phene with P atoms along the armchair direction. The Dirac cone
mainly originates from the contribution of C p, orbitals. More
importantly, it has a high Fermi velocity of the same order as
graphene. Our results show that the PCs; monolayer owns a
robust Dirac cone structure against external biaxial strain in
the range of —5% to 8%. In addition, we find a simple rule that
the monolayers of 3N — 1 C¢ rings between P chains show Dirac
cone characteristics. The fascinating electronic properties make
the PCs monolayer a promising 2D material for a future elec-
tronic application.

4. Experimental Section

The DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP).”® The Perdew-Burke-Ernzerhof (PBE)”!
form of the generalized gradient approximation (GGA)"® was chosen
as the exchange-correlation functional, and the van der Waals interaction
was described by the DFT-D2 with Grimme correlation.”®) A vacuum space
of about 19 A perpendicular to the 2D plane was applied to avoid the arti-
ficially introduced interaction between the layers. The 3s23p® and 2s?2p?
atomic orbitals were treated as valence states for the P and C atoms,
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respectively. The geometry structures were fully relaxed until the residual
force on each atom was less than 0.001 eV A~'. The property calculations
were performed with plane-wave basis sets of 700 eV on the 12 x 8 x 1
Monkhorst-Pack k-point mesh. The VASP raw data analysis was per-
formed using VASPKIT.B% The dynamic stability of the structure was exam-
ined by the Phonopy code.®"! Phonon dispersion spectra were calculated
through the finite displacement method. AIMD simulation was conducted
to confirm the thermal stability of the structure.
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