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and CoP: A first-principles comparative study
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Two-dimensional systems that simultaneously harbor superconductivity and nontrivial band topology may serve as appealing
platforms for realizing topological superconductivity with promising applications in fault-tolerant quantum computing. Here,
based on first-principles calculations, we show that monolayered CoN and CoP with the isovalent FeSe-like structure are stable
in freestanding form, even though their known bulk phases have no resemblance to layering. The two systems are further
revealed to display intrinsic band inversions due to crystal field splitting, and such orderings are preserved with the inclusion of
spin-orbit coupling (SOC), which otherwise is able to open a curved band gap, yielding a non-zero Z2 topological invariant in
each case. Such a mechanism of topologicalization is distinctly contrasted with that identified recently for the closely related
monolayers of CoX (X = As, Sb, Bi), where the SOC plays an indispensable role in causing a nontrivial band inversion. Next, we
demonstrate that, by applying equi-biaxial tensile strain, the electron-phonon coupling strength in monolayered CoN can be
significantly enhanced, yielding a superconducting transition temperature (Tc) up to 7-12 K for the Coulomb pseudopotential of
μ* = 0.2-0.1, while the CoP monolayer shows very low Tc even under pronounced strain. Their different superconducting
behaviors can be attributed to different variations in lattice softening and electronic density of states around the Fermi level upon
pressuring. Our central findings enrich the understanding of different mechanisms of band inversions and topologicalization and
offer platforms for achieving the coexistence of superconductivity and nontrivial band topology based on two-dimensional
systems.
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1 Introduction

In the past few decades, two-dimensional (2D) super-
conductors have been investigated comprehensibly because
such systems exhibit a variety of novel quantum phenomena.
At a detailed materials level, tremendous advances have been
made in highly crystalline 2D superconductors [1], in part

enabled by the latest developments of sophisticated fabri-
cation approaches. Compelling examples include the emer-
gence of superconductivity at the insulator/insulator or
metal/insulator interfaces, even though none of the con-
stituent materials is superconducting [2,3]. Ultrathin metal
films grown on proper substrates have also been observed to
preserve their superconductivity down to the monolayer or
bilayer regime [4,5], and atomically thin band insulators can
be tuned into the superconducting regime upon electric-field
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gating [6,7]. Strikingly, for layered materials with weak in-
terlayer coupling, the superconducting transition temperature
(Tc) of a monolayer can be as high as its bulk counterpart or
drastically enhanced over the bulk value when grown on
proper substrates, as demonstrated respectively in Cu- [8] or
Fe-based superconductors [9]. These developments provide
material systems platforms for gaining a better under-
standing of unconventional superconductivity.
As one special type of unconventional superconductivity,

topological superconductivity (TSC) has gained particular
attention due to its promising potential for application in
topological quantum computing [10]. Tremendous efforts
have been devoted to searching for 2D materials harboring
simultaneously superconductivity and topologically non-
trivial band properties, driven by realizing TSC and Major-
ana zero modes in the 2D limit [11]. One route to
materializing 2D TSC is to achieve an unconventionally
paired superconductor, i.e., an intrinsic topological super-
conductor in which superconductivity and nontrivial topol-
ogy arise from the same electronic states of a given system.
For example, a monolayered Pb3Bi alloy was proposed to
harbor chiral p-wave superconductivity by taking advantage
of the interplay between electron correlation and geometric
phase [12]. The (nearly) flat bands in twisted or untwisted
few-layer graphene with strongly enhanced electronic cor-
relations may also provide an effective pathway toward un-
conventional superconductivity [13-16]. A separate and
widely explored route to realizing 2D TSC is to exploit
proximity effects in reciprocal space, where the super-
conducting bands are proximity coupled to the topological
edge states, mimicking effective 2D chiral p-wave super-
conductors. Compelling examples include heavily doped
MoS2 thin films [17], monolayered FeSe [18,19], Fe(Te,Se)
[20,21], gated WTe2 monolayers [22-25], bilayered PdTe2
[26], W2N3 [27,28], CoX (X = As, Sb, Bi) [29], and few-
layered stanene films on the Bi(111) substrate [30]. Given
these exciting developments, it is still highly desirable to
further broaden the candidate materials for realizing 2D
TSC, especially because definitive experimental detection of
the corresponding topological edge or Majorana zero modes
remains elusive in many cases.
In this paper, by using first-principles calculations, we

predict stable monolayered CoN and CoP structures, even
though none of which is a layered material in bulk form; we
also carry out a comparative study of their electronic, topo-
logical, and superconducting properties. The CoN and CoP
monolayers are first shown to adopt FeSe-like layered
structures, which can be attributed to the isovalence nature of
these systems. Next, we demonstrate that the two systems
possess topologically nontrivial band properties, as revealed
by the inverted band structures, Z2 topological invariants, and
robust edge states. Such a band topology is also rather robust
against equi-biaxial strain. Unlike the closely related CoX (X

= As, Sb, Bi) monolayers obeying the Bernevig-Hughes-
Zhang (BHZ) model [31], where the spin-orbit coupling
(SOC) has been shown to induce a nontrivial band inversion
[29], here the SOC just lifts the band degeneracy and opens a
nontrivial curved band gap in each of the two systems, which
is similar to the Kane-Mele (KM) model [32]. Finally, we
show that even though either of the two freestanding
monolayers possesses a low Tc, large enhancements in the
electron-phonon coupling (EPC) and Tc of monolayered CoN
are observed when exerting a tensile equi-biaxial strain,
whereas the superconductivity of monolayered CoP is in-
sensitive to the strain. The underlying reasons can be at-
tributed to the differences in the electronic density of states
around the Fermi level and phonon softening upon pressur-
ing. These central findings enrich the understanding of dif-
ferent band-inversion and topological mechanisms and
provide a promising platform for the realization of TSC in
the 2D limit.
This paper is organized as follows. In sect. 2, we briefly

describe the computational methods and details. The main
results are presented in sect. 3. We first identify the crystal
structures of monolayered CoN and CoP, with their ther-
modynamic and dynamic stabilities confirmed. The elec-
tronic structures and topological properties of both systems
(including evolution under lattice deformation) are further
discussed, together with the underlying mechanisms of to-
pologicalization. We then investigate the superconducting
properties of these two systems, and analyze the de-
pendencies of the EPC and Tc on tensile stain. The magnetic
properties are also investigated by considering four specific
magnetic configurations, indicating that the CoN and CoP
systems have a much weaker tendency toward developing
magnetization compared with FeSe. In sect. 4, we discuss
several physically realistic growth aspects of the CoN and
CoP monolayers, and summarize our findings.

2 Computational details

We have employed the Vienna Ab initio Simulation Package
(VASP) [33] for structural optimization, electronic property
calculations, and ab initio molecular dynamics (AIMD) si-
mulations based on density functional theory (DFT), using
the projector augmented wave (PAW) method [34] and
generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) functional [35]. The kinetic energy
cutoff of the plane-wave basis was chosen to be 600 eV, the
electronic minimizations were performed with an energy
tolerance of 10−8 eV, and optimized atomic structures were
achieved until the residual forces on each atom were smaller
than 0.001 eV/Å. A 1 × 1 × 1 surface supercell and a 21 × 21
× 1 k-point mesh for the CoN and CoP monolayers were used
during structural optimization and electronic property cal-
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culations. A vacuum of more than 18 Å was set to avoid
spurious interactions between periodic layers. In the AIMD
simulations, the canonical NVT (N: number of particles; V:
volume; T: temperature) ensemble was adopted with Nosé-
Hoover thermostat [36,37]. A 5 × 5 × 1 supercell and a 3 × 3
× 1 k-point mesh were used for both monolayers. Each time
step was set to 3 fs and simulations were conducted for more
than 1000 steps (3 ps) at 300 K. The Z2 topological invariant
was calculated via the Wannier charge center method [38],
and the edge Green’s function [39] was obtained by using the
maximally localizedWannier functions [40], as implemented
in the Wannier90 package [41] and WannierTools package
[42].
The vibrational properties and EPC within density func-

tional perturbation theory (DFPT) were calculated by using
the EPW code [43] as implemented in the Quantum
ESPRESSO package [44]. We used norm-conserving pseu-
do-potentials with the PBE of GGA as the exchange-corre-
lation function [45]. For electronic charger density
calculations, the kinetic energy cutoff of the plane-wave
basis was chosen to be 120 Ry for both systems, and the
Brillouin zone was sampled with a uniform unshifted k-mesh
of 18 × 18 × 1. The electron-phonon matrix elements were
first calculated on a coarse k-mesh of 18 × 18 × 1 in the
electron Brillouin zone and a coarse q-mesh of 6 × 6 × 1 in
the phonon Brillouin zone, and then were interpolated into a
finer k-mesh of 180 × 180 × 1 and a finer q-mesh of 90 × 90 ×
1. The Dirac delta functions were replaced by Lorentzians of
widths of 50 and 0.5 meV for electrons and phonons, re-
spectively.
The superconducting transition temperature Tc was esti-

mated based on the standard McMillan-Allen-Dynes formula
[46,47]:

k T µ= 1.2 exp 1.04(1 + )
(1 + 0.62 ) , (1)c

log
*

where ωlog is the logarithmic average of the phonon fre-
quencies, λ is the total EPC strength, and the electron-elec-
tron effective repulsion was treated semi-empirically through
the Coulomb pseudopotential μ* with a reasonable value in
the standard range of 0.1-0.2 [48]. The branch- (ν) and mo-
mentum- (q) resolved EPC parameter λqν is defined as:

N= ( ) , (2)q
q

qF
2

where N(εF) is the density of states at the Fermi level, and γqν
and ωqν are the phonon linewidth and phonon frequency for
the phonon branch ν with the wave vector q, respectively.
The Eliashberg function α2F(ω) is defined as:

F
dq

( ) = 1
2 ( ) , (3)q q q

2

BZ

where ΩBZ is the volume of the phonon Brillouin zone. The
accumulative EPC λ(ω) can be calculated by

F
( ) = 2

( )
d . (4)

0

2

The total EPC λ is obtained by taking the upper bound ω to
∞ in eq. (4).

3 Results

3.1 Crystal structures and stabilities

Most known crystalline 2D systems, including super-
conductors, are derived from intrinsically layered materials
in bulk form [49]. However, recent developments in dis-
coveries of 2D materials also revealed that certain materials
with no preference for layering in bulk phases can never-
theless be stabilized in the 2D limit [50-52], offering alter-
native pathways for achieving the design of 2D materials.
Experimentally, such novel forms of 2D materials predicted
by theory have been successfully fabricated by molecular
beam epitaxy (MBE) growth techniques, such as tellurene
[53-55], CuSe [56,57], CoSb [58], AlSb [59], and CuI [60].
Similar to the already reported CoX (X = As, Sb, Bi)
monolayers, based on the isovalency nature with FeSe, we
expect the two systems of CoN and CoP are likely to be
stabilized in the FeSe-like monolayer structure as well (i.e.,
the PbO-type structure), even though they lack layered
structures in the 3D counterparts. Indeed, as shown in Figure
1(a), the CoN (CoP) monolayer can be stabilized as a three-
atomic-layer structure, where the cobalt atoms form a square
lattice and the nitrogen (phosphorus) atoms are located
symmetrically above and below the central squared layer of
cobalt. Upon structural optimization, the calculated in-plane
lattice parameter for 2D CoN (CoP) is 3.302 (3.578) Å, with
the monolayer thickness of 1.814 (2.507) Å from top N to
bottom N (P to P).
To further examine their thermodynamic and dynamic

stabilities, AIMD simulations and phonon dispersion ana-
lysis have been carried out for each system. During the
AIMD simulations, each system keeps its initial structure at
300 K as shown in Figure 1(b) and (c), indicating their
thermodynamic stability. Meanwhile, the phonon spectra of
the two freestanding monolayers are presented in Figure 1(d)
and (e) using an electronic broadening σ = 0.02 Ry, showing
that the frequencies of all phonon branches in the whole
Brillouin zone are positive values, and confirming that such
structures are also dynamically stable. To investigate the
possibility of charge density waves (CDWs), we also cal-
culate the phonon spectra using a smaller σ = 0.01 Ry (Figure
S1 in Supporting Information), and show no imaginary fre-
quency or even apparent softening of phonon modes, com-
pared with the results with σ = 0.02 Ry (Figure
1(d) and (e)). These results further confirm their structural
stability, and indicate that there is no tendency to CDW in the
two systems.
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3.2 Electronic structures and topological properties

The band structures of the CoN and CoP monolayers with the
inclusion of the SOC indicate the two systems are both
metallic, as shown in Figure 2(a) and (b). In general, the
topology of a system with a global gap can be determined by
calculating the Z2 topological invariant; while for a metallic
system, to identify the topological properties, an effective Z2
can still be defined by following a curved Fermi level in-
voking the so-called band proximity effect [11,61]. Here, we
define the curved Fermi levels for both monolayers as given
in Figure 2(a) and (b). It is noted that no curved Fermi level
can be defined in the absence of the SOC, and the two sys-
tems are trivial in this case. Before calculating the Z2, we
analyze the band gap opening and band inversion behaviors
around the curved Fermi levels, which are closely tied to the
nontrivial band topology and topologicalization mechanism
for the overall systems. The zoom-ins of the GGA and GGA
+ SOC bands near the Γ point are depicted with orbital
projections in Figure 2(c) and (d). For CoN, without the
SOC, the lowest conduction band (LCB) and highest valence
band (HVB), which are defined according to the curved
Fermi level in Figure 2(a), display a camelback shape near
the Γ point in the 2D Brillouin zone (BZ). When considering
the SOC, two Dirac cones centered at finite momenta along
the M-Γ-X direction in the 2D BZ both open up fundamental

gaps, forming a curved band gap. In particular, around the Γ
point, the HVB mainly consists of Co-dxz/dyz and Co-dxy or-
bitals, and the LCBmainly consists of hybridized Co-d z 2 and
N-pz orbitals, revealing an intrinsic band inversion that is
caused by the crystal field effect. For CoP, in the absence of
the SOC, the LCB and HVB (also defined according to the
curved Fermi level in Figure 2(b)) degenerate at the Γ point,
only composed of the Co-dxz/dyz orbitals, and the rest of the
LCB (namely, except the Γ point) mainly consists of the
hybridized Co-dxz/dyz and dxy orbitals, as indicated by the fat-
band analysis. When the SOC is included, the degeneracy at
the Γ point is lifted, resulting in a finite gap. Although there
is an inversion of the Co-dxz/dyz orbitals from the HVB to the
LCB around the Γ point, the LCB and HVB at the Γ point are
still composed of the Co-dxz/dyz orbitals, with the latter being
responsible for topological properties. Therefore, the SOC
only opens a band gap without leading to a band inversion at
the Γ point.
To further identify the topological properties of both sys-

tems, we calculate the Z2 topological invariant from wave
functions for all occupied bands defined by the curved Fermi
level. We find Z2 = 1 for the CoN and CoP systems, in-
dicating that they are both topologically nontrivial. To fur-
ther highlight their topological nature, their local densities of
states are calculated as shown in Figure 2(e) and (f). In the

Figure 1 (Color online) (a) Top (upper panel) and side (lower panel) views of crystal structures of monolayered CoN and CoP, with the unit cell indicated in
red. The blue and grey balls represent the cobalt and nitrogen (phosphorus) atoms, respectively. (b), (c) Evolutions of the total energies of monolayered CoN
and CoP during AIMD simulations at 300 K and up to 3 ps. Insets display the side views of the atomic structures at the end of the simulations. (d), (e) Phonon
spectra of monolayered CoN and CoP.
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CoN system, a pair of topologically protected edge states are
clearly seen to cross at the Γ point. In the CoP system, the
topological edge states connect the bulk valence and con-
duction bands to form a single Dirac cone at the X point in
principle, but the tails of the edge states overlap with the bulk
states so that the Dirac point cannot be seen. Here, the SOC
just breaks the degeneracy at the Dirac cone or touching
point and then opens a nontrivial curved band gap, but the
SOC does not induce any band inversion between the va-
lence and conduction bands at the time-reversal invariant
momenta. Indeed, these two systems, similar to some other
previously established 2D systems [62-66], already possess
intrinsic band inversions even without the SOC, and in this

sense, they share a similar mechanism towards topologica-
lization to the KM model for graphene [32]. Furthermore,
although the SOC only opens a curved band gap in CoN and
CoP rather than a global gap as in graphene, the valence and
conduction bands can still be defined by the curved Fermi
level, and the corresponding Z2 invariant can be calculated.
Such an approach in identifying the band topology has been
employed in earlier studies, for example, for the Fe(Se,Te)
systems [61].
It is worthwhile to point out that the mechanism for the

nontrivial band topology in CoN and CoP is distinctly dif-
ferent from that in the CoX (X = As, Sb, Bi) systems, where
the SOC first closes the trivial band gap and then opens a

Figure 2 (Color online) (a), (b) Band structures of freestanding CoN and CoP monolayers, as calculated with the inclusion of the SOC. The orange dashed
lines correspond to the curved Fermi levels. (c), (d) Zoom-in views of the orange solid boxes in (a) and (b), with orbital projections. The top and bottom
panels display the results calculated without and with the SOC, respectively. The radii of the red, blue, and green dots indicate the spectral weights of different
d orbitals of the Co atoms. (e), (f) Topological edge states (TESs) of monolayered CoN and CoP along the [100] edge. The warmer colors denote the higher
local density of states, and the blue regions denote the bulk band gaps. The inset of (f) is the corresponding first Brillouin zone and the [100] edge. (g), (h)
Energy levels of different d orbitals of the Co atoms near the curved Fermi levels for CoN and CoP at the Γ point under different equi-biaxial strains with the
SOC. The Fermi levels are all set at zero.
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nontrivial gap, accompanied by a band inversion between the
valence and conduction bands [29]. Whereas the former
follows that of the KM model [32], the latter obeys the BHZ
model for quantum wells [31]. Indeed, the topology in the
CoX systems is the result of the delicate competition be-
tween the crystal field and SOC effects. The crystal field
effect is highly related to the atomic structures including the
lattice constant a and vertical distance h defined between the
pnictogen atom and cobalt plane, while the SOC is mainly
determined by the pnictogen atoms. Going from the free-
standing CoN to CoBi monolayers, both the a and h gradu-
ally increase, leading to different orderings of the five Co-d
orbital levels. The resulting LCB and HVB around the Γ
point change from an initial crossover behavior (already
inverted in CoN) to degenerate states (in CoP), and further to
an increasing gap (with a trivial order in CoX (X = As, Sb,
Bi)) in the absence of the SOC according to Figures 2 and 4
of ref. [29]. When the a and h are relatively small, the strong
crystal field effect has led to the reversal of the bands; with
the a and h increasing and the crystal field effect decreasing,
the band inversion is absent without the SOC but is further
induced by the SOC. Collectively, the full range of CoX (X =
N, P, As, Sb, Bi) systems provides an ideal materials plat-
form to contrast the different underlying mechanisms of how
unusual band inversions can be developed.
Given that only the bands at the Γ point are responsible for

their topological behaviors for the two systems, to further
illustrate the effect of the band inversions, we present in

Figure 2(g) and (h) the calculated energy levels |d / dxz yz ,

|d xy , |d z 2 near the curved Fermi levels at the Γ point for CoN

and CoP under an equi-biaxial strain, in which εaa= εbb,
where εaa and εbb are the external strains along the a and b
directions, respectively. For CoN, when compressing the

lattice, the |d xy level shifts upwards and gets closer to the

|d z 2 level, reaching a crossing between the two levels at a
critical strain of around −4%. After this level crossing, the
band inversion between the LCB and HVB is absent, as
demonstrated by the orbital projected band structures shown
in Figure S2, thereby inducing a topological phase transition
from a nontrivial phase (Z2 = 1) to a trivial phase (Z2 = 0).

Similarly, for CoP, the band inversion between the |d xy and

|d / dxz yz energy levels exists under the strains from −1% to

+4%, as shown in Figure S3, leading to a topologically
nontrivial to trivial phase transition around −2%. Here,
though the |d z 2 level moves upwards and turns above the

|d / dxz yz level under +3% and +4%, such a band inversion

does not cause a topological phase transition. It is worth
noting that the nontrivial topological phases of the two sys-
tems can survive during the lattice stretching, indicating their

robustness against lattice deformation.

3.3 Superconducting properties

The phonon spectra with the λqν indicated by the sizes of the
red circles, phonon density of states, Eliashberg functions
α2F(ω), and EPC strength λ of the CoN and CoP monolayers
are reported in Figure 3(a) and (b), respectively. As we can
see, although the EPC strength of each system is relatively
small, the λ of the CoN (λ = 0.36, Tc = 0.5 K, μ

* = 0.1) is still
much larger than that of the CoP (λ = 0.23, Tc = 0.002 K, μ

* =
0.1). The underlying reason for such a difference is tied to the
different contributions to the overall EPC strength from the
low-frequency acoustic phonon branches, which account for
nearly 67% of the total λ in each system. Specifically, the
λqν’s of the CoN along the ΓX and ΓM directions are more
prominent than that of the CoP, suggesting that the low-
frequency acoustic phonon modes, which are dominated by
in-plane vibrations (Figure 3(g)) interact strongly with the
electronic states. This can also be reflected by the partial
charge distribution around the Fermi level. As shown in
Figure 3(h), the charge more noticeably pervades in the in-
teratomic space for the CoN; accordingly, the in-plane vi-
brational modes are more likely to influence these electronic
states, and contribute to the overall λ. Note that the SOC is
not included in the electron-phonon calculations presented
here. We have checked the effects of the SOC on phonon
spectra, λ, and electronic density of states (DOS) in the two
systems, as shown in Figure S4, and confirm that the SOC
effects are negligible. Here, we also note that the McMillan-
Allen-Dynes formula for calculating Tc is derived from the
isotropic Migdal-Eliashberg theory. Nevertheless, according
to Figure 3(a)-(d), the primary contribution to the total EPC
comes from the vicinity of the Γ point, indicating the dom-
inance of forward electron-phonon scattering (small q| |) to
the EPC. To this extent, our systems are also largely iso-
tropic; therefore, it is reasonable to use this formula to esti-
mate Tc. Furthermore, the weaker screening effect for the 2D
systems can be effectively compensated by the emergence of
low-frequency collective excitations such as the plasmon
modes [67], in essence extending the range of applicability
of the McMillan-Allen-Dynes formula originally derived
from the 3D cases.
Unlike bulk systems, 2D materials offer greater manip-

ulation possibilities by applying an external strain, which can
effectively tune their superconductivity [68-70]. Here, we
further investigate how the equi-biaxial strain can affect the
electron-phonon interaction and superconducting transition
temperature Tc in the CoN and CoP systems. By invoking
compressive and expansive isostatic deformations of the
lattice, variations in the Tc, total EPC constant λ, logarithmic
frequency ωlog, and electronic density of states at the Fermi
energy N(εF) for both systems are summarized in Figure 3(i).
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For CoN, the contraction of the lattice induces a relative
decrease in the EPC constant, reduced to λ = 0.18 with a
strain of −1%. Nevertheless, a moderate expansion of the
lattice significantly enhances the EPC, with the λ jumping to
a value of 1.2 and the resultant Tc reaching 7-12 K (μ* = 0.2-
0.1) under a tensile strain of 2%. In sharp contrast, regardless
of the applied strain, the λ of the CoP system remains almost
unchanged or even decreases slightly, suggesting a con-
stantly very low Tc. One reason for this contrast between the
two systems originates from the vast difference in their
electronic density of states at the Fermi level, since λ is
proportional to N(εF) when other parameters are kept un-
changed [71]. As shown in Figure 3(i), the N(εF) in the CoN
system increases significantly with the tensile strain, which
is equivalent to effective charge doping [72-74]. In contrast,

the N(εF) in the CoP system remains almost constant. The
detailed comparisons of the band structures and DOS for
both systems under 0%, 2%, and 4% equi-biaxial strains are
given in Figure S5.
To explore potential other reasons, we also analyze the

lattice dynamics of the deformed systems, the evolution of
the phonon spectra, and the associated EPC with increasing
tensile strains. By comparing Figure 3(a), (c) and (e) for
CoN, we find an overall spectral softening at increasing
strain, reflecting a general weakening of the deformed Co–N
bonds. In particular, there is a pronounced phonon softening
accompanied by a large drop of the frequency (indicated by
the green arrows in Figure 3(a), (c), and (e)), resulting in a
remarkable increase in the EPC and a steep rise of λ(ω) in the
corresponding low-frequency range. This point can be un-

Figure 3 (Color online) Superconducting properties of the CoN monolayer under (a) no strain and (c) an equi-biaxial tensile strain of 2%. The left panels
are the phonon spectra with the branch (ν)- and momentum (q)-resolved EPC parameters λqν indicated by the sizes of the red circles. The right panels are the
phonon density of states (PHDOS), Eliashberg function α2F(ω), and cumulative EPC strength λ(ω). (b), (d) Same as (a) and (c) but for the CoP monolayer.
The magnitudes of PHDOS and α2F(ω) are minified by a factor of 4 and 2, respectively. (e), (f) The corresponding phonon spectra under the equi-biaxial
tensile strain of 4%. (g) Schematic diagram of the acoustic mode indicated by the green arrows in (a), (c), and (e). (h) Partial charge distributions within the
range of −0.02-0.02 eV around the Fermi level for the CoN (upper panel) and CoP (lower panel) monolayers. (i) Strain dependences of the superconducting
transition temperature Tc, logarithmically averaged phonon frequency ωlog, electronic density of states at the Fermi energy N(εF), and EPC constant λ for the
two systems.
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derstood according to eq. (2). Since /q q q
2 , given a

sizable γqν, a further drop in the low-frequency part leads to
small frequencies of the acoustic phonons, contributing
substantially to the λqν’s, which account for 85% of the total
λ, as shown in Figure 3(c). Moreover, when exerting a 4%
tensile strain (Figure 3(e)), the frequencies of the acoustic
modes turn to be negative, indicating that the system be-
comes unstable. In contrast, for CoP, the overall softening of
the phonon spectra is very small (Figure 3(b), (d), and (f)),
which explains that the EPC of the system remains basically
unchanged. Here, the system is still stable when the tensile
strain reaches 4%.

3.4 Magnetic properties

To explore the possibility of magnetic ordering in both two
systems, we consider four magnetic configurations on Co
atoms, namely, the nonmagnetic (NM), ferromagnetic (FM),
Néel antiferromagnetic (NAFM), and collinear anti-
ferromagnetic (CAFM) phases, as shown in Figure 4(a).
Here, the on-site Hubbard U as an empirical parameter is
further used to describe the correlation of the 3d electrons.
The results for the CoN and CoP monolayers are presented in
Figure 4(b) and (c), including the relative energies ΔE de-
fined as ΔE = E − ENM, where E and ENM are the total
energies of a given magnetic and NM configurations, re-
spectively, and the magnetic moments M in different mag-
netic configurations, both as functions of U. As a
comparison, the corresponding results for a FeSe monolayer

are shown in Figure S6. We find that whenU is increased to 2
and 5 eV for CoN and CoP, respectively, the ground states
start to develop finite magnetic moment, which saturates at
about 2 μB per Co at large enough U for both systems. In
contrast, the ground state of FeSe is CAFM even at U = 0,
and M varies within (2-4) μB per Fe when U = 0-6 eV. In
addition, for a given U, the relative energies ΔE for CoN and
CoP are much lower (by about an order of magnitude) than
that for FeSe. Such distinct differences indicate that the CoN
and CoP systems have a much weaker tendency toward de-
veloping magnetization compared with FeSe. It is noted that
there is no experimental evidence for long-range magnetic
ordering in either bulk or monolayered FeSe. Although
magnetism can have a significant impact on the electronic
structure and topological characteristics of the system, we
expect that magnetism is very weak in the CoN and CoP
systems and thereby mainly focus on their properties in the
nonmagnetic case. Moreover, the difference in magnetism
between the CoX and FeSe systems may also provide a
crucial angle to elucidate the dominant microscopic me-
chanisms of superconductivity in these and related systems.

4 Discussion and conclusions

Based on proximity effects in reciprocal space, one of the
three prevailing schemes to achieve TSC [11], when the
Cooper pairs are introduced into the topological edge states,
those edge states exhibit 1D TSC. For the CoN system, as

Figure 4 (Color online) (a) Four common magnetic configurations. (b), (c) Relative energy ΔE (upper panel) and magnetic moment M (lower panel) of the
four magnetic configurations as functions of the on-site Hubbard U for CoN and CoP monolayers.
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shown in Figure 2(e), the topological edge states are about
0.1 eV above the Fermi level, which can participate in the
superconductivity under proper electron doping or gating of
the samples. For the CoP system, as shown in Figure 2(f), the
topological edge states cross the Fermi level along the X
path. Below the superconducting critical temperature, such
topological edge states around the Fermi level can open a
superconducting gap, which can make the edge states topo-
logically superconducting. In addition, we also observe the
existence of some other edge states whose dominant features
characterize them as trivial in the two systems. When the
superconducting electrons from the 2D bulk are only through
these trivial edge states, the system is a superconductor but
with no 1D TSC residing at the edges. As for experimentally
resolving the topologically protected surface or edge states in
the systems that are metallic, high-resolution angle-resolved
photoemission spectroscopy (ARPES) measurements can
reveal the spin-momentum-locking surface states, as de-
monstrated in FeTe1−xSex [75], and in situ scanning tunneling
microscopy/spectroscopy (STM/STS) measurements can
identify the enhanced intensity of local density states of the
edges and their robustness, as demonstrated in some 2D
systems [30,76-78].
Before closing, we briefly discuss the physically realistic

growth aspects of the two systems. First, monolayered CoN
or CoP with the tetragonal structure is expected to be grown
on oxide substrates such as SrTiO3 (STO) or other proper
substrates by MBE, which is the most convenient way to
grow such ultrathin materials. Given the three-atomic-layer
structure (N-Co-N/P-Co-P) of the monolayers, it may be
desirable to deposit N/P first, followed by proper amounts of
Co and N/P. During growth, the deposition rates of the source
atoms and the temperature need to be carefully controlled to
avoid growing into the 3D bulk structure. Second, in order to
maintain the topologically nontrivial properties of the two
systems, the interaction with the substrates should not be too
strong to affect their electronic structures, with van der
Waals-type interactions preferred. Here, we also consider
SrO2 and STO as potential substrates for growing CoN and
CoP, respectively, and investigate their band topology. As
shown in Figures S7 and S8, both systems preserve the
nontrivial band topology with the same topologicalization
mechanism as that of their monolayer systems. Third, the
substrates can introduce the strain effect due to the lattice
mismatch. According to Figure 2(g) and (h), the two systems
exhibit topologically nontrivial properties under a wide
range of equi-biaxial strains, indicating their robustness
against lattice deformation. As for superconductivity, the Tc
of the CoN is significantly enhanced under equi-biaxial
tensile strain, while the CoP always possesses very low Tc.
Therefore, the tensile strains are favorable for the CoN
system to harbor higher superconducting Tc. Due to ex-
tensive computational requirements, it is challenging to

calculate the Tc of systems involving the substrates. Instead,
we calculate N(εF) to be 6.1 (7.7) and 6.5 (8.3) states/eV for
freestanding strained CoN (CoP) and CoN/SrO2 (CoP/STO),
respectively, to examine the substrate effects while excluding
the strain effect. The relatively small difference in N(εF)
implies that the superconducting properties of strained CoN
(CoP) would be largely preserved when involving the SrO2

(STO) substrate. Fourth, as demonstrated in the FeSe/STO
systems [79-83], we also expect that charge carriers or some
phonon modes from the substrates can transfer or penetrate
into the overlayer to further enhance Tc. We have explored
the charge doping effect of the substrate, which is simulated
by adding electrons to or removing electrons from the CoN
and CoP with a compensating uniform charge background of
opposite signs. As shown in Figure S9, when doping 0.4
electrons per unit cell into the two systems, the EPC for the
CoN is enhanced (λ = 0.47, Tc = 1.97 K, μ

* = 0.1), while it is
weakened for CoP, with the λ decreased to 0.12. Fifth, since
the Tc of CoN can be significantly enhanced when applying a
tensile strain, the experimental realization of such strains
should be proposed. One way is to exert a tensile strain via
proper substrates on which the CoN monolayer can grow, as
already demonstrated in FeSe monolayers. For example,
when the FeSe monolayer is grown on the Nb:SrTiO3 or Nb:
SrTiO3/KTaO3 substrate, the in-plane lattice constant can
expand to 3.90 or 3.99 Å, suggesting a 3.7% or 6.1% tensile
strain [68,84]. The tensile strain can also be applied to the
thin films by bending a flexible substrate, as reported in
monolayer and bilayer MoS2 where 0-2.2% strains have been
achieved [85]. Finally, the growth and realization of the su-
perconductivity of the two systems are also encouraged by
the recent experimental progress on the CoSb monolayers.
The CoSb films in an orthogonal phase have been fabricated
on STO, and a symmetric gap around the Fermi level with
coherence peaks at 7 meVas well as a diamagnetic transition
at 14 K has been observed, suggesting the emergence of
superconductivity [58]. Further, beyond the superconducting
properties, CoSb1−x nanoribbons with quasi-one-dimensional
stripes have been fabricated on STO, exhibiting signatures of
the Tomonaga-Luttinger liquid state [86].
To summarize, by employing first-principles approaches

and following the isovalency rule, we have predicted
monolayered CoN and CoP to be energetically stable, and
have systematically investigated their electronic, topologi-
cal, and superconducting properties. Our calculations have
identified that both monolayers are dynamically and ther-
modynamically stable when adopting the monolayered FeSe
structure, even though none of them is a layered material in
bulk form. Furthermore, the two systems have been shown to
possess topologically nontrivial band properties, which ori-
ginate from the joint effects of the intrinsic band inversion
induced by crystal field splitting and SOC, characterized by
both the odd Z2 invariant and topologically protected edge
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states. The mechanism of topologicalization is similar to the
KM model, in contrast to the CoX (X = As, Sb, Bi) systems
where the SOC has a dual function of inducing the band
inversion and causing nontrivial band topology, as in the
BHZ model. Intriguingly, under equi-biaxial tensile strains,
the two systems have completely different behaviors on su-
perconductivity. The EPC strength of monolayered CoN is
abruptly enhanced and reaches a maximum value of 1.2 with
increasing strain, yielding Tc of 7-12 K (μ* = 0.2-0.1), while
the EPC strength of the CoP monolayer almost stays intact
under strain. The underlying reasons are the increased elec-
tronic density of states near the Fermi level and significant
phonon softening in CoN upon pressuring. Collectively, the
present study further enriches our understanding of different
mechanisms of band inversions and topologicalization, and
also offers highly appealing platforms for exploiting the
coexistence of and interaction between the superconducting
state and topologically protected edge states in the 2D limit.
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