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The coexistence of Dirac cones and Van Hove singularities (VHSs), as the notable feature on prominent elec-
tronic band structure in recently hot-topic Lieb lattice and twisted graphene superlattice materials, has recently
drawn tremendous attention since it offers an ideal platform for realizing correlation-driven electronic states (e.g.,
superconductivity and topological state). Here, we have identified two two-dimensional (2D) crystals, namely
C4Se and CsSe, which exhibit the coexistence of Dirac cones and VHSs. Based on ab initio calculations and the
Bardeen-Cooper-Schrieffer theory, we investigated the electron-phonon coupling and possible superconductivity
in both structures. The results indicate that C4Se possesses intrinsic superconducting states, whereas CsSe
exhibits tunable superconductivity when doped. Their superconducting critical temperature (7;) can reach up
to 11.6 and 11.2 K, respectively, surpassing the majority of 2D superconductors. Besides, we uncovered an
approximate Dirac cone in C¢Se with a small band gap of 0.17 eV. Via the application of a biaxial compressive
strain, remarkably, the C¢Se can be transformed into a topological insulator. These findings highlight the potential
of carbon-rich C-Se 2D crystals as a promising platform for investigating fascinating band structures and physical
states, thus advancing our comprehension of 2D crystals.
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I. INTRODUCTION

Graphene, as a typical two-dimensional (2D) crystal, has
attracted significant attention since it was exfoliated from
graphite in 2004 [1]. This pioneering work not only pro-
vided an effective way to discover other 2D crystals but
also opened up a vast landscape of 2D materials with ex-
otic physical phenomena and properties [2,3]. In addition to
excellent mechanical properties, the distinctive Dirac cone
band structure of graphene gives rise to several exceptional
properties, including high carrier mobility [4], the presence of
massless Dirac fermions [5], and high thermal conductivity
[6]. Intriguingly, the superconducting properties in graphene
can be achieved by means of doping [7], intercalation [8—10]
and twisting [11], bringing its Fermi energy level close to
Van Hove singularity (VHS) in the band structure. This is
mainly due to the fact that the VHS near the Fermi surface
makes the system inherently vulnerable to Fermi surface in-
stability [12,13], and therefore could be considered as a small
perturbation by producing positive effects in their electronic
properties, such as charge, spin, and/or pairing susceptibili-
ties, as well as serving as potential the origin of magnetism
[14], superconductivity, and/or topological states [15,16] in
the 2D materials.
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Recently, the intriguing coexistence of the Dirac cone
and VHS was reported in the electronic band structures of
Lieb lattice materials [17-19]. This unique band feature pro-
vides an exciting platform for realizing correlated electronic
states, such as superconductivity and topologically nontrivial
states. For example, both unconventional superconductivity
and Z, topological surface states were recently observed in
Lieb lattice and twisted graphene [20-24]. Such remark-
able phenomenon can be attributed to the special electronic
band structure of these materials near the Fermi energy
which drives the transitions to the emergent phases, e.g.,
superconductivity and/or topologically nontrivial states. How-
ever, known materials with the band structure feature—the
coexistence of Dirac cones and VHSs—are quite limited,
particularly in 2D crystal materials. It is thus crucial to de-
sign/discover 2D crystals with such band structures in order
to investigate the correlation-driven exotic electronic states
(i.e., superconductivity, topological states). In this regard,
carbon-rich 2D composites could be promising candidates as
discussed below. First, carbon-rich 2D crystals can inherit the
Dirac cone of graphene, while the inclusion of other elements
in the compounds may enhance the density of states (DOS)
near the Fermi surface, leading to VHSs. Second, carbon-
rich materials have the potential to exhibit superconductivity
by coupling with high-frequency phonons. This coupling
arises from the strong bonds and light mass of carbon, re-
sulting in strong electron-phonon matrix elements [25-30].
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Additionally, carbon-rich materials hold the possibility of
topological states when V-VI elements (i.e., Se, Te, Sb, Bi)
are integrated into the system [31-34].

As one of the chalcogenide compounds, selenium (Se) has
been extensively studied in 2D selenides. Here, this work
focuses on the design of Se-based 2D carbon-rich crystals
(C-Se). As a result of extensive simulations, we identified
three carbon-rich crystals (C4Se, CsSe, and Cg¢Se) with ex-
cellent thermal and dynamic stability. The first-principles
calculations results reveal that the band structures of C4Se and
CsSe both exhibit a Dirac cone—VHS coexisting feature, simi-
lar to that of the Lieb lattice and twisted graphene band, which
are favorable to induce superconductivity. Our further simu-
lations indicate the C4Se manifests intrinsic superconducting
states, while the CsSe exhibits a zero band-gap semimetal
feature but can be tuned into superconductivity through p-
type doping. In addition, the C¢Se shows a strain-induced
transition to a topological state at a critical compressive strain.
The current findings offer a 2D crystal platform for realiz-
ing a Dirac-VHS band structure and correlation-driven exotic
states.

II. METHOD

An extensive structure search for stable C,Se (x = 1-6)
compounds within 1-4 formula units has been carried out
using the global search via particle-swarm optimization (PSO)
algorithm, which was implemented in the CALYPSO pack-
age [35-37]. The effectiveness of this method in predicting
the ground state structures of various materials is supported
by experimental confirmation of many predicted structures
[38—42]. Ab initio calculations based on density functional
theory (DFT) were performed using the VASP code [43].
The projector-augmented wave (PAW) [44] approach was
employed with a cutoff energy of 600 eV. The generalized
gradient approximation (GGA) [45] of the Perdew-Burke-
Ernzerhof (PBE) was used to treat the electronic exchange-
correlation interaction, while the more accurate band gap
was characterized by adopting the Heyd-Scuseria-Ernzerhof
(HSEO06) [46] hybrid functional. The I'-centered Monkhorst-
Pack grid with a k-point density of 27 x 0.02A~! was
adopted for the Brillouin zone (BZ) sampling [47]. The
convergence thresholds for energy and force in structural opti-
mization and self-consistency were determined to be 1078 eV
and 1073 eV//A, respectively.

The density functional perturbation theory (DFPT) [48]
implemented in the QUANTUM ESPRESSO package [49,50] was
used to compute the electron-phonon coupling (EPC) and
superconductivity properties. Phonon calculations were car-
ried out using the PBEsol form of the generalized gradient
approximation (GGA) from the Standard Solid-State Pseu-
dopotentials (SSSP) library [51], with a plane wave basis set
cutoff of 80 Ry for kinetic energy and 800 Ry for charge
density. The static calculation electron density was assessed
using a 32 x 32 x 1 k mesh, while a 16 x 16 x 1 g mesh was
adopted for both phonon and EPC calculations. The determi-
nation of the mode-resolved magnitude of EPC 1, follows
the BCS theory [52],
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where A,,, N(Er), and w,, represents the phonon linewidth,
the electronic DOS at the Fermi level, and the phonon fre-
quency, respectively. The y,, can be estimated by
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where Qg7 and g}, ;. ., denote the volume of BZ and the EPC
matrix element, respectively, and &, and &4, represent the
Kohn-Sham energy. The g, ;. ., can be achieved by adopt-
ing linear response theory [53], while the Eliashberg spectral
function of the electron-phonon interaction «?F(w) and the
cumulative frequency-dependent EPC A(w) can be obtained
via the following formula:
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respectively. The computation of the logarithmic average fre-
quency wj, and the 7. can be achieved using the following
expression:
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According to Eq. (2), the phonon linewidth arises from two
major contributions, namely the EPC matrix elements and the
Fermi surface nesting factor £ (g), which can be expressed as

£(@) =) 8(en — 7)8(Ekrqm — £F). (7)
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Employing the WANNIER90 package [54] interfaced with
QUANTUM ESPRESSO, we performed calculations of the tight-
binding (TB) matrix elements by projecting Bloch states onto
maximally localized Wannier functions. The Wannier-Tools
package [55] with iterative Green’s function method was uti-
lized to calculate the edge energy spectrum.

II1I. RESULTS AND DISCUSSION
A. Crystal structures

To identify the potential stable C-Se chemical stoichiome-
tries and their crystal structures in 2D space, we adopt a
first-principles swarm intelligence structure search to explore
potential stable 2D crystal structures of C,Se (x = 1-6) with
varying cell size and layer thickness. Through this process,
we successfully reproduced the previously reported P3ml
CSe structure [56], proving the reliability of this method, and
three low-energy stable structures of C4Se, CsSe, and CgSe
were identified as shown in Figs. 1(a)-1(c). The predicted
C4Se, CsSe, and C¢Se compounds adopt the orthogonal crys-
tal structure with the Pmm?2 symmetry, the trigonal crystal
structure with the P31m symmetry, and the orthogonal struc-
ture with the P2,2,2 symmetry, respectively. Note that we also
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FIG. 1. Top and side views of (a)—(c) the optimized configurations and (d)—(f) the electron localization function (ELF) maps with an
isosurface value of 0.83 a.u. of the Pmm?2 C4Se, P31m CsSe, and P2,2,2 CsSe. Black and green balls represent C and Se atoms respectively.

find another low energy PC¢—type CgSe configuration with
P—3 symmetry, which has been reported and discussed by
Springer et al. [57]. Thus, we only focus on the P2;2;2 C¢Se
configuration in the following. The detailed crystal structural
information of C,Se (x = 4, 5, 6) is summarized in the Sup-
plemental Material [58].

The C4Se monolayer exhibits a distinctive configuration
where all C atoms are two-coordinated with sp? hybridization,
forming polybiphenyl units along the b direction [Fig. 1(a)],
and each Se atom is attached to two C atoms on the benzene
ring unit, forming sp® hybridization and fulfilling the chem-
ical octet rule. The resulting structure consists of alternating
polybiphenyl units and zigzag nonbonding Se chains, with a
Se-Se distance of 2.56 A between the two-nearest Se atoms
that is beyond the range of Se-Se bonds. The basic building
blocks of CsSe are hexagons composed of five C atoms and
one Se atom, where each Se atom is tricoordinated with C
atoms and shared by three hexagons. In comparison with
C4Se and CsSe, CgSe has a complex configuration consisting
of both pentagons and hexagons. Each Se is enclosed by
four C atoms constituting two sets of diagonal pentagons and
hexagons. In these structures, the average of the C-C bond
length is almost the same as that of graphene (1.42 A), while
the length of the C-Se bond is slightly larger than that of the
C-S bond in the CS monolayer (1.87 A) [59,60]. To reveal
the bonds’ nature for these three monolayers, the electron

localization function (ELF) is calculated and presented in
Figs. 1(d)-1(f). The analysis demonstrates that the bonds be-
tween adjacent C atoms and between C and Se atoms in these
structures are covalent. It is noteworthy that each Se atom
possesses a nonbonding lone electron pair. The electronic
or mechanical properties may exhibit directionality due to
variations in the bonding patterns and atomic arrangements
along the a and b directions.

B. Structural stability

To assess the stability of these proposed C-Se monolayers,
we investigated their energetic relative stability by calculat-
ing the formation energy (Ef) and building the convex hull
as illustrated in Fig. 2(a). We calculated the cohesive en-
ergies of the predicted three compounds and the obtained
values (6.40 eV /atom for C4Se, 6.43 eV /atom for CsSe, and
6.54 eV /atom for CgSe) are higher than some typically syn-
thesized 2D materials, such as phosphorene (3.30 eV /atom)
[61] and 2D MoS; (5.15 eV /atom) [62], and are comparable
to that of BC3 monolayer (6.86 eV /atom) [63] and PC¢ mono-
layer (6.98 eV/atom) [64]. These comparisons demonstrate
that the C4Se, CsSe, and C¢Se monolayers have outstanding
thermal stability and are likely to be synthesized for practical
applications.
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FIG. 2. (a) Formation energy (E;) of C,Se (x = 1—-6) with respect to pure carbon and selenium at 0 K. Blue solid circles represent
previously reported P3ml CSe and P—3 CgSe structures. Red solid stars represent predicted Pmm2 C4Se, P31m CsSe, and P2,2,2 C¢Se
structures. (b)—(d) The free energy and temperature fluctuations of C4Se, CsSe, and C¢Se with the time step of the molecular dynamics
simulation. No drastic fluctuations are found, confirming that all structures are thermodynamically stable.

Additionally, we calculated the phonon dispersion curves
of these structures, and verified their dynamics stability by
the absence of any imaginary mode (see Supplemental Ma-
terial Fig. S1 [58]), confirming the dynamics stability of
the C4Se, CsSe, and C¢Se monolayers. The phonon projec-
tion band analysis shows that the low-frequency stretching
modes are related to the strong coupling between Se and C
atoms, while the high-frequency modes are mainly from the
vibrations of C atoms. Moreover, the highest vibrational fre-
quency of the C4Se, CsSe, and C¢Se monolayers reach 1452,
1416, and 1563 cm™!, respectively, which are close to those
of BC;3 (1450cm™) [65], C3S (1455cm™') [66], and PCg
(1529 cm™!) [64], indicating strong chemical bonds between
C atoms in these monolayers.

The structural stability at finite temperature was also ana-
lyzed from the perspective of ab initio molecular dynamics
(AIMD). By using supercells of 4 x 10 x 1 for C4Se, 4 x
4 x 1 for CsSe, and 4 x 6 x 1 for C4Se, the molecular dy-
namics simulations were carried out for 10 ps with a 1-fs
time step without symmetry constraints at temperatures of
300, 600, 900, and 1200 K, respectively. The results show
that, at room temperature, all three structures maintain their
structural integrity without significant distortions (shown in
Supplemental Material Fig. S2 [58]), showing good thermal
stability. With increasing the temperature, the C4Se struc-
ture can retain its structural integrity without appreciable

distortions up to 600 K, while the CsSe and CgSe struc-
tures show their thermal stability up to 1200 K, as shown in
Figs. 2(b)-2(d). These simulations indicate that these mono-
layers are thermodynamically stable up to reasonably high
temperatures.

To investigate the mechanical stability, the changes of en-
ergy with respect to the in-plane strain for the C4Se, CsSe, and
CsSe monolayers were calculated by using the standard Voigt
notation. The calculated elastic constants are listed in the Sup-
plemental Material [58] and meet the Born-Huang criteria of
Ci1 > |Ci2] > 0, C¢¢ > 0 and C11C22—C122 > (, indicating the
mechanical stability of these monolayers. By analyzing the
orientation-dependent Young’s modulus and Poisson’s ratio
(see Supplemental Material Fig. S3 [58]), we found that C4Se
and CgSe have anisotropic mechanical properties contrary
to the isotropic feature of CsSe, and they all exhibit robust
mechanical stiffness.

C. Coexistence of Dirac cone and VHS

The corresponding electronic band structures of C4Se and
CsSe are shown in Figs. 3(a) and 3(b), respectively. For C4Se,
there are two linear bands (red and blue lines) crossing the
Fermi level, resulting in inherent metallicity, which is also
corroborated by the Fermi surface distributions along the
high-symmetry paths [inset in Fig. 3(a)]. It is noteworthy that
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FIG. 3. (a) Electronic band structure of C,Se. The inset is the Fermi surface of C4Se. (b) Electronic band structures of pristine CsSe (solid

surface of p-doped CsSe. (c) 3D band structure of C4Se. (d) 3D band

structure of CsSe. (e) PDOS of C4Se. (f) PDOS of pristine CsSe (solid lines) and total DOS of p-doped CsSe (green).

the two linear bands form two Dirac cones along the S-X and
Y-T paths in the BZ, which are situated at about 1.2 eV below
the Fermi level. Unlike the double cone feature observed in
C4Se monolayer, CsSe possesses only one quadratic band
touching point, consisting of a single cone and a nearly flat
band located close to the Fermi level. The quadratic band
touching point is precisely located at the Fermi level on the
I' point, indicating that it is a semimetal with zero band gap
[Fig. 3(b)]. This band structure is similar to that of the Lieb
lattice, and the characteristics of the flat band near the Fermi
level have also been seen in twisted graphene, which has im-
portant implications for the structural properties. The full 3D
band dispersions of the C4Se and C5Se monolayers are shown
in Figs. 3(c)-3(d), which provides a clear view of the unique

band characteristics. From the analysis of atom-decomposed
and orbital-decomposed band structures (see Supplemental
Material Fig. S4 [58]), the bands of C4Se and CsSe near the
Dirac point primarily originate from the C—p, orbitals. We
compared their band structures obtained with PBE and HSE
hybrid functionals. Negligible differences were found in the
band structures for both C4Se and CsSe and the Dirac cones
remain in the HSE band structures.

Moreover, the existence of a saddle point near the Fermi
level in both C4Se and CsSe could result in a divergence in
the DOS, known as VHS. This could amplify even weak inter-
actions when the Fermi energy approaches the VHS, leading
to instabilities and the emergence of matter with desirable
properties. Using the linear-tetrahedron method, we obtain the
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and p-doped CsSe, respectively.

sufficient-quality projected density of state (PDOS) as shown
in Figs. 3(e) and 3(f). It can be clearly seen that a sharp VHS
peak appears near the Fermi level, where the contribution
of charge density is mainly from C-p orbitals. In C4Se, the
principal curvature is electronlike along the X-S path, while
a holelike behavior along the S-Y path is in the vicinity of
the reciprocal space of the saddle point. Therefore, there is a
crossover at the S point from electronlike to holelike conduc-
tion that originates at the VHS. In particular, the appearance
of the VHS in CsSe, located about —0.3 eV below the Fermi
level, makes the system intrinsically susceptible to Fermi sur-
face instabilities and has the potential to give rise to a range
of unusual phenomena.

By the above hallmark analysis, the electronic energy band
structures of C4Se and CsSe both exhibit the coexistence
feature of Dirac cones and VHS. Similar features have been
studied in Lieb lattice and twisted graphene [20,67—-69], which
are strongly related to the intriguing superconducting state.
As mentioned above, CsSe is a zero band-gap semimetal
with no Fermi surface, but its fantastic band structure near
the Fermi level creates a favorable condition for tuning the
Fermi level. It is well known that doping can be used to
induce superconductivity, which has been demonstrated in
multiple two-dimensional materials [10,70-72]. Thus, we em-
ployed a jellium model and performed simulations of p-doped
CsSe (marked as p-doped CsSe) at the carrier density of

1.12 x 10" ¢cm™2, in which a defect electronic charge is offset
by a uniform neutralizing background. We assessed its band
structure and DOS, as represented by the green dashed lines
in Figs. 3(b) and 3(f), and confirmed that the p-doped CsSe
has metallic electronic state and Fermi surface. This configu-
ration of p-doped CsSe provides an ideal platform for further
investigation of superconductivity.

D. Superconductivity state

We evaluated the potential superconductivity of C4Se and
p-doped CsSe configurations by calculating their phonon dis-
persions and relevant electron-phonon coupling parameters.
As shown in Figs. 4(a) and 4(b), the ZA, LA, and TA rep-
resent the out-of-plane, in-plane longitudinal, and in-plane
transverse modes of C4Se and p-doped CsSe, respectively,
which correspond to the three acoustic branches. We find that
the acoustic branches are mainly contributed by the vibrations
of Se atoms. The out-of-plane vibrations of the Se atoms
dominate the low-frequency region, which is lower than 341
and 214 cm~! for C4Se and p-doped CsSe, respectively, while
the in-plane vibrations of the Se atoms dominate the high-
frequency region, which is higher than 341 and 214 cm™! for
C4Se and p-doped CsSe, respectively. In both cases, vibra-
tions of C atoms occur over a wide region in the BZ, with the
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TABLE 1. Coulomb constant p*, DOS at the Fermi level N
(EF) (in unit of states/spin/Ry/cell), logarithmic averaged phonon
frequency @y, (in K), electron-phonon coupling constant A, and 7.
(in K) of C4Se and p-doped CsSe. Relevant parameters of some
known intrinsic superconductors are included for comparison.

Compound w* N(Er) Wiog A T. Ref.
LiCq 0.14 0.55 5.9 [73]
B,C 0.10 3148 092 192 [74]
C¢CaCg 0.21 0.71 6.8 [75]

2H—NbSe, 0.16 189.2 091 7.8 [76]
SnNbSe, 0.10 1.58 72.6  1.28 7.0 [77]
Cu-BHT 0.10 51.8 1.16 44 [78]

Mo,B, 0.10 16.02 3448 049 39 [79]
W,B, 0.10 1246 2324 0.69 7.8 [80]
C4Se 0.10 8.15 1171 131 11.6  this work
CsSe 0.10 1431 1339 1.13 11.2  this work

in-plane and out-plane phonon modes mainly contributing to
the intermediate- and the high-frequency region, respectively.

The phonon dispersions weighted by the magnitude of EPC
Agv and the phonon density of state (PHDOS) are shown in
Figs. 4(c) and 4(f). In both structures, the large EPC strengths
mainly originate from the large Ay, near the I' point that is
associated with the Se soft modes in the acoustic branch.
The quantitative analysis shows that approximately 82% of
the total EPC in C4Se can be attributed to low-frequency
phonons. The high-frequency phonons dominated by C modes
account for the remaining 18%. In the case of p-doped CsSe,
the low-frequency phonons also come from the Se vibrations
which contribute 68% of its total EPC, and the high-frequency
phonons of C modes contribute the rest. Figures 4(g) and 4(h)
show the mode-resolved Eliashberg spectral function > F ()
and the cumulative frequency-dependent of EPC A(w). One
can see that the strength of A4, in low- and high-frequency
regions results in the large peak of the «?F (w) and the growth
rate of A(w) corresponds to the contribution of Ag,. In com-
parison, the contribution of intermediate-frequency phonons
is negligible.

The logarithmic average frequency wi,, and the super-
conducting transition temperature 7. of C4Se and p-doped
CsSe are obtained by using a typical value of the effec-
tive screened Coulomb repulsion constant u* = 0.06—0.15,
Eliashberg spectral function o?>F(w), and A. The supercon-
ductive parameters of C4Se and p-doped CsSe are list in
Table I, along with those of some known intrinsic super-
conductors for comparison. The calculated 7, for C4Se falls
within the range 9.6—-13.2 K and that of p-doped CsSe in the
scope of 8.9-12.9 K (see Supplemental Material Fig. S5 [58]).
Notably, these values surpass the majority of 2D superconduc-
tors. These findings strongly suggest that the integration of Se
into C can induce superconductivity, highlighting the potential
of Se-doped carbon materials in this regard.

The coexistence of Dirac structure and VHS in C4Se
and CsSe presents a distinct opportunity to establish a con-
nection between these phenomena and the framework of
band-driven superconductivity. Previous studies have sug-
gested that intense electron-electron interaction may result

in chiral superconductivity when graphene is doped near
the VHS. Here, the Dirac structure along with VHS near
E; plays a crucial role in the emergence of superconduc-
tivity. This provides insight into the development of 2D
superconducting materials featuring light elements, thereby
laying the foundation for further advancements in the field of
2D superconductivity.

E. Topological state

It is known that graphene, as a Dirac material, possesses
a nontrivial topological band structure that is intrinsic to its
nature. Considering the band structure of C¢Se at the PBE
level, which exhibits similarities to graphene [Fig. 5(a)], it is
crucial to investigate whether the Dirac cones in C¢Se exhibit
any topological properties. However, in contrast to gapless
graphene, the HSE band structure of CgSe reveals a narrow
band gap of 0.17 eV [Fig. 5(b)]. To confirm the existence of
a genuine Dirac cone, we applied an in-plane biaxial com-
pressive strain to CgSe and observed that the band gap closes
when the strain reaches 9%. At this critical strain, the CgSe
monolayer undergoes a transformation into a Dirac semimetal
state, where the Dirac point is precisely located at the Fermi
level. A criterion for the topological band is the appearance of
a band gap at the Dirac point by spin-orbit coupling (SOC).
Here, upon introducing SOC in the strained C¢Se monolayer,
the originally degenerate p, orbitals are now split into two dis-
tinct states separated by the Fermi level, resulting in opening
a 20-meV band gap (see Supplemental Material Fig. S6 [58]).
The emergence of a gap in the energy spectrum due to SOC is
a significant indication of the presence of a topological state
in C¢Se when subjected to a 9% compressive strain.

Based on our analysis of the fatband decomposition in the
vicinity of the Fermi level, it is apparent that these bands
primarily originate from the C—p, orbitals. Consequently, it
is feasible and justifiable for modeling these bands utilizing a
tight-binding Hamiltonian comprised of C—p, orbitals:

H=U chc,- + Z (t,-jcfcj + H.c.),

where U represents the on-site energy, cl' and ¢; are the
annihilation and creation operators of an electron in the ith
C—p; orbital, and #;; is the hopping integral parameter. The
on-site energy for all the sites in our TB model was set to
0 eV due to the orbitals all being C—p, orbitals. We obtained
the derived bands of CgSe under a compressive strain of
—9% by using the constructed TB model (see Supplemental
Material Fig. S7 [58]), which accords well with the DFT
calculations. Then we further calculate the Z, invariant to
confirm the compressive strain-induced topological nature of
Ce¢Se. The evolutions of Wannier center of charges (WCCs)
for the —9% strained C¢Se monolayer at k, = 0 are depicted
in Supplemental Material Fig. S8 [58]. Clearly, the evolution
line intersects any reference line an odd number of times. This
yields a nontrivial topological invariant Z, = 1 and suggests
the existence of nontrivial topological states in C¢Se under
a 9% compressive strain. However, considering the weak
SOC in CgSe, it is generally treated as a semimetal except
at extremely low temperatures. Notably, one of the striking
features of topologies is the existence of robust edge or surface
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FIG. 5. The electronic band structure and DOS with (a) the PBE functional and with (b) the HSE functional for monolayer C¢Se. (c),(d)

The calculated edge states of strained CgSe in the x and y directions.

states. Therefore, we calculate the edge states of the strained
CsSe monolayer by creating one-dimensional nanoribbons by
cutting the sheet. The edge states are calculated for CgSe
nanoribbons in the x direction and y direction, respectively.
The results presented in Figs. 5(c) and 5(d) reveal that the
edge states of the nanoribbons exhibit gapless characteristics,
independent of their orientation, which is consistent with the
outcomes of the topological invariant calculation.

IV. CONCLUSIONS

To summarize, using the first-principles swarm-
intelligence structure search method, we carried out a detailed
study on the geometric structure, phonon stability, electronic
properties, as well as electronic states of 2D carbon-rich C,Se
(x =4, 5, and 6) monolayers. Among them, C4Se and CsSe
monolayers exhibit significant features of Dirac cones and
VHS, which have important effects on the electronic and
transport properties. By employing ab initio calculations and
the BCS theory, we investigated their electron-phonon
coupling and possible superconductivity. The results

show that the former is an intrinsic superconductor with
T. ~ 11.6 K and the latter exhibits tunable superconductivity
upon doping (7, ~ 11.2K). In both systems, the large EPC
strengths mainly originate from the large A4, near the I" point,
which is associated with the Se soft modes in the acoustic
branch. Additionally, we have discovered a C¢Se crystal with
an approximate Dirac-like structure and a narrow band gap of
0.17 eV. Interestingly, under biaxial compressive strain, the
CsSe undergoes a transformation into topological insulator.
These intriguing findings could inspire more research on
carbon-rich systems doped with Se to explore fascinating
physical phenomena.
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