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The coexistence of nontrivial topological properties and superconductivity in a material offers the potential
to achieve topological superconductivity and Majorana zero modes. However, research on ideal topological
semimetals with superconductivity has been limited. In this paper, we utilize first-principles calculations to
predict the existence of three two-dimensional potassium borides (K2B9, KB9, and KB18) with a hidden kagome-
like lattice structure, inspired by the arrangement of the K2B9

− cluster in an inverse sandwich configuration. Our
findings reveal that all three materials exhibit phonon-mediated superconductivity, with transition temperatures
(Tc) of 12.56, 14.46, and 10.50 K, respectively. Furthermore, K2B9 and KB18 are identified as topological nodal-
line semimetals, while KB9 demonstrates the characteristics of an ideal Dirac semimetal due to the broken σh

mirror symmetry and appropriate potassium content. The topological properties arise from the band inversion of
the boron atom’s px + py and pz orbitals within the B9 layer. Intriguingly, KB9 exhibits coexisting Dirac points
and van Hove singularities near the Fermi level, which are a consequence of the hidden kagome-like lattice,
thereby enhancing the superconducting transition temperature (Tc). This research not only sheds light on the
pivotal role played by the orbital character of the B9 layer in the kagome-like lattice of potassium borides but
also presents a strategy for achieving the coexistence of topological properties and superconductivity, thereby
opening up possibilities for the realization of exotic physics.

DOI: 10.1103/PhysRevB.107.235154

I. INTRODUCTION

With a nontrivial band structure and the associated physi-
cal phenomena, topological materials hold great promise for
various applications including spintronics, electronics, and
quantum computations [1–3]. Among them, topological insu-
lators [1,4,5], topological semimetals [6–12], and topological
superconductors [13–21] have emerged as the most significant
classes of materials. Remarkably, topological superconduc-
tors have garnered particular attention as primary candidates
for topological quantum computation, owing to their intrigu-
ing and elusive quantum phase characterized by the presence
of Majorana zero modes at the boundaries [19–25]. This has
spurred a concerted effort towards engineering topological
and superconducting quantum states using more common-
place constituents.

One of the key strategies for realizing topological and
superconducting quantum states is by inducing superconduc-
tivity in topological semimetals [13,26–28]. For example, the
topological insulator Bi2Se3 can transform into a topological
superconductor under high pressure or through doping with
external atoms such as Sr, Cu, or Nb [29–31]. Moreover,
superconductivity has been observed in the Dirac semimetal
Cd3As2 [32] as well as in Weyl semimetals including
WTe2 [33], MoTe2 [34], and TaIrTe4 [35]. Furthermore, the
potential for superconductivity has been proposed in nodal-
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line semimetals such as two-dimensional (2D) Cu2Si [36]
and NaAlSi [37]. However, the coexistence of superconduc-
tivity with ideal topological semimetals, which host clean
Dirac/Weyl fermions near the Fermi energy without the com-
bination of other quasiparticles or bulk states, remains rare,
primarily due to the low carrier density near the Fermi level
in these materials. Achieving a higher critical temperature
(Tc) BCS superconductor necessitates a higher carrier den-
sity near the Fermi level [26]. Interestingly, kagome lattices
naturally possess van Hove singularities, resulting in a high
carrier density. By engineering the kagome lattice in materi-
als, it becomes feasible to realize topological superconducting
materials that combine the topological band structure with a
high Tc.

The discovery of the well-known superconductor MgB2
with its unique Dirac-nodal-line structure has sparked interest
in exploring metal borides (MBs) for their potential combina-
tion of topological properties and superconductivity. So far,
superconductivity has been reported in various topological
MBs, including Dirac nodal-line semimetals such as YRuB2

and LuRuB2 [38], as well as in AlB4 [39], AlB6 [40], and TiB4

[13]. Nodal net semimetals, including NbIr2B2 and TaIr2B2,
have also demonstrated superconductivity [41]. Among these
materials, the Dirac nodal lines in 2D AlB6 [40] stand out
as its Dirac nodal lines are almost situated precisely at the
Fermi level and remain robust even under biaxial strains up
to 12%. However, topologically trivial bulk bands also coexist
near the Fermi level in AlB6. Despite its Dirac nodal line near
the Fermi level, the bilayer TiB4 exhibits a relatively low Tc of
only 0.82 K [41]. Additionally, although the kagome-lattice
compound h-MnB3 was predicted to have a high Tc of 24.9 K,
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its band structure is topologically trivial [42]. Therefore, there
is a demand for MBs that possess both an ideal topological
band structure and a higher Tc.

In this paper, we employed a crystal structure search
method based on first-principles calculations to successfully
predict a stable inverse sandwich cluster K2B9

−. Subse-
quently, we constructed a 2D K2B9 monolayer based on the
inverse sandwich structure of K2B9

−, in combination with
previously reported 2D boron planar structures [13,39–41].
Remarkably, our computational results demonstrate that the
K2B9 monolayer is not only dynamically stable but also ex-
hibits the coexistence of topological nodal-line states and
superconductivity, with a critical temperature (Tc) of 12.56 K.
To elucidate the mechanism behind superconductivity in the
K2B9 monolayer, we made the unexpected discovery of three
other stable structures: B9, KB18, and KB9 monolayers. These
structures also exhibit phonon-mediated superconductivity,
with Tc values of 1.3 K for B9, 10.4 K for KB18, and 14.5 K
for KB9. Furthermore, the B9 and KB18 monolayers are nodal-
line semimetals, whereas the KB9 monolayer is an ideal Dirac
semimetal. Importantly, we found that the presence of van
Hove singularities (vHSs), induced by the kagome-like pz

orbitals of the B9 layer, is in close proximity to the nodal
lines and Dirac points in their respective band structures. This
observation plays a critical role in enhancing the supercon-
ducting critical temperature. Our theoretical modeling and
calculations establish the existence of topological states in the
superconducting compounds of the K-B system, thereby en-
riching the family of topological superconductors among MBs
and opening different avenues for exploring exotic physics
associated with topological superconductivity.

II. COMPUTATIONAL METHODS

In this study, we initially investigated the stability of the
K2B9

− cluster. The optimization and frequency calculations
of the cluster were performed using the DMOL3 program [43].
Subsequently, we employed the particle swarm-optimization
(PSO) method implemented in the CALYPSO code [44] to
search for 2D K2B9 structures. Random structures with vary-
ing atomic coordinates and lattice parameters were generated
to initiate the structure search. The PSO parameters were
set with a population size of 30 and a total of 50 genera-
tions. The number of K and B atoms per cell was fixed at 2
and 9, respectively. After 30 generations and eliminating irra-
tional structures, we successfully confirmed that our designed
K2B9 configuration is the global minimum, as documented in
Table S1 of the Supplemental Material [45]. The structural
optimization, electronic structure, and the related stability
properties were performed at the density functional theory
(DFT) level using the Vienna ab initio simulation package
(VASP) [46]. The projector augmented-wave (PAW) method
[47] was used to describe electron-ion interactions. The
Perdew-Burke-Ernzerhof (PBE) exchange functional [48] in
the framework of the general gradient approximation (GGA)
was employed for electron-electron exchange correlation. A
cutoff energy of 600 eV was utilized for the K-B system.
The geometrical optimizations were carried out until the
convergence tolerances for energy and atomic forces were be-
low 10−5 eV and 0.02 eV/Å, respectively. The Brillouin zone

(BZ) sampling was performed using a 7 × 7 × 1 Monkhorst-
Pack [49] grid for geometry optimizations and a 13 × 13 × 1
grid for elastic constant calculations. To eliminate interactions
between adjacent layers, a 15 Å vacuum was included. The
van der Waals (vdW) interactions were accounted for using
the Grimme’s D2 method [50] to simulate ion adsorption.
The phonon spectrum was calculated using the PHONOPY

package [51]. Additionally, the thermal stability was assessed
through ab initio molecular dynamics (AIMD) simulations
in a 3 × 3 × 1 supercell at 300 K for 5 ps, employing the
Nosé-Hoover method in the NV T [52] ensemble with a time
step of 1 fs.

The WANNIER90 package [53] was utilized to construct a
tight-binding (TB) model with maximally localized Wannier
functions. The WANNIERTOOLS package [54] was employed to
determine the edge states using the iterative Green’s method.
The Z2 topological invariant was obtained by calculating the
parity of wave functions at four time-reversal invariant points,
following the method proposed by Xiang et al. [55]. The
two-dimensional Fermi surface (FS) was calculated using the
IFERMI package [56].

The electron-phonon coupling (EPC) and superconduc-
tivity calculations were performed using the local density
approximation (LDA) as implemented in the QUANTUM

ESPRESSO package [57], employing norm-conserving pseu-
dopotentials [58]. A kinetic energy cutoff of 100 Ry and a
charge density cutoff of 1000 Ry were chosen for the plane-
wave basis. To enhance convergence, a Marzari-Vanderbilt
cold smearing method [59] with a width of 0.1 Ry was
employed. The structural optimization iterated until the
Hellman-Feynman forces on each atom fell below 10−5

Ry/bohr. The self-consistent electron density was evalu-
ated using a 14 × 14 × 1 k mesh. Phonon calculations and
electron-phonon coupling were performed using a 7 × 7 × 1
q mesh. The EPC was calculated based on the Eliashberg
equations, which can be written as [60].

α2F (ω) = 1

2πN (EF )

∑
qv

δ(ω − ωqv )
γqv

h̄ωqv

, (1)

in which ωqv and γqv are the frequency and linewidth for the
phonon mode v at wave vector q, and N (EF ) is the density of
states at the Fermi level. The total EPC constant for the inves-
tigated compound can be determined by either BZ summation
or the frequency-space integration:

λ =
∑
qv

λqv = 2
∫

α2F (ω)

ω
dω. (2)

Using the McMillian-Allen-Dynes formula, we can evalu-
ate the superconducting transition temperature (Tc) as follows,

Tc = ωlog

1.2
exp

[ −1.04(1 + λ)

λ − u∗(1 + 0.62λ)

]
, (3)

where u∗ is the effective screened Coulomb repulsion constant
whose value is generally chosen to be 0.1, and ωlog is defined
through

ωlog = exp

[
2

λ

∫
dω

ω
α2F (ω) log ω

]
. (4)
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FIG. 1. Lattice structures of (a) K2B9 monolayer, (b) KB9 mono-
layer, (c) KB18 monolayer, and (d) B9 monolayer.

III. RESULTS AND DISCUSSION

A. Structural models of 2D potassium borides

We first assessed the stability of the K2B9
− cluster, which

features an inverse sandwich structure (as shown in Fig. S1
in the Supplemental Material [45]). This cluster is a true
local minimum as indicated by the absence of any imaginary
frequency. The optimized structure of the K2B9

− cluster has a
point group of D9h, as shown in Fig. S2(a) in the Supplemental
Material [45], where K atoms are symmetrically located on
both sides of the B9 ring. The K-B and B-B bond lengths
in the K2B9

− cluster are 3.43 and 1.56 Å, respectively. The
K2B9

− cluster also has good thermal stability, because the

B9 ring is well maintained after the 5-ps AIMD simulations
at 300 K [see Fig. S2(b) in the Supplemental Material [45]].
Thus, the K2B9

− cluster serves as a suitable building block for
constructing the 2D K2B9 monolayer.

The optimized lattice structure of the assembled K2B9

monolayer is depicted in Fig. 1(a), exhibiting a space group
of P62m (No. 189) and a lattice constant of a = b = 5.95
Å. The K-B bond lengths and the B-B bond lengths within
the monolayer fall within the range of 2.96–3.20 and 1.61–
1.79 Å, respectively. By varying the ratio of K atoms to the
B9 monolayer, three additional compounds (KB9, KB18, and
B9) were constructed. The KB9 (B9) monolayer is obtained
by removing one (two) K atoms from the K2B9 monolayer,
while the KB18 monolayer consists of a K atom sandwiched
between two B9 monolayers. The optimized structures of
these compounds are shown in Figs. 1(b)–1(d). Further details
regarding their lattice structures can be found in Table S2 in
the Supplemental Material [45].

B. The electronic band structure and topology properties

Next, we investigated the electronic properties of the three
K-B monolayers. First, we examined the band structure and
density of states (DOS) of the KB18, KnB9 (n = 1, 2) mono-
layers without considering spin-orbit coupling (SOC), as
shown in Figs. 2(a)–2(c). Notably, we observed two crossing
points near the Fermi level along the high-symmetry paths
	-M and K-	 for the KB18 and K2B9 monolayers, while
the KB9 monolayer exhibited one crossing point along 	-M.
Additionally, we identified van Hove singularities (vHSs) at
the M point in the vicinity of the Fermi level in these band
structures. Orbital analyses revealed that these crossing bands
and vHSs primarily arise from the B atom orbitals, as indi-
cated by the blue bands. Interestingly, we observed that the K

FIG. 2. The orbital-resolved band structures and projected DOS of the (a) KB18 monolayer, (b) KB9 monolayer, (c) K2B9 monolayer,
(d) B9 monolayer, and (e) hexagonal K lattice. (f) The 2D BZ and the projected one-dimensional BZ along the (01) direction.
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FIG. 3. The band structures of B9 monolayer with (a) px + py orbitals and (b) pz orbitals. Wave functions at the K point for (c) graphene-
like bands and (d) flat bands of kagome-like bands. Comparison of (e) tight-binding graphene-like bands, (f) kagome-like bands, and B9 bands.
(g) Orbital-resolved band structures of the KB9 monolayer. (h) 3D band structure, (i) 2D Fermi surface, and (j) edge states at the (01) edge of
the KB9 monolayer.

orbitals, represented by the orange bands, shift from energy
levels above the Fermi level to energy levels below the Fermi
level as we progress from KB18 to KB9 and K2B9.

To gain insights into the diverse electronic structures ex-
hibited by these compounds, we analyzed the band structures
and DOS of a hexagonal B9 lattice and hexagonal K lattice,
as depicted in Figs. 2(d) and 2(e). Notably, the band structure
of the KB18, KB9, and K2B9 monolayers consists of bands
originating from the hexagonal K and B9 monolayers, in-
dicating their heterojunctionlike structures. This observation
is consistent with the observed van der Waals (vdW) K-B
bond lengths ranging from 2.96 to 3.20 Å. The diverse band
structures can be attributed to the charge transfer from the K
atom to the B9 layer. In Table S1 of the Supplemental Material
[45], we present the amounts of charge transferred from K to
the B9 layer, which increase with an elevated ratio of K to B9

layer. This charge transfer effect raises the Fermi level and
pushes down the crossing points and vHSs.

Upon analyzing the electronic properties of the B9 mono-
layer, we observed the presence of a flat band, Dirac points,
and vHSs in the hexagonal B9 lattice near the Fermi level, as
shown in Fig. 2(d). These characteristics align well with the
electronic properties of a kagome lattice.

To gain deeper insights into the origins of the flat band,
Dirac points, and vHSs in the hexagonal B9 lattice, we exam-
ined the orbital-resolved band structure of the B9 monolayer,
as illustrated in Figs. 3(a) and 3(b) for px + py and pz orbitals,
respectively. The px + py orbitals exhibit a band dispersion
resembling that of graphene, with the presence of Dirac cones
at the K points and saddle points at the M points, as depicted
in Fig. 3(a). Additionally, Fig. 3(b) clearly displays two sets of

kagome-like bands featuring two Dirac points at the K point
and two saddle points at the M point. We further examined the
wave function at the K point for the graphene-like bands, as
depicted in Fig. 3(c), and the wave function of the flat band
for the kagome-like bands, shown in Fig. 3(d). We observed
that the spatial distribution of the wave functions supports
the characteristic features of graphene-like and kagome-like
bands. To model these bands, we constructed tight-binding
models based on the graphene lattice and kagome lattice
using the Slater-Koster approach [61]. The general Hamil-
tonian is given by Ĥ = ∑

m∈Z

∑
n∈Z

∑
l∈Z ĥm, n, leik·Rm,n,l ,

where ĥm,n,l represents the Slater-Koster parameter matrix in
different unit cells (see Table S3 in the Supplemental Ma-
terial [45]). Note that the presence of graphene-like bands
and kagome-like bands is further supported by the evolution
of the lattice from the typical kagome-B3 lattice to the B9

monolayer, as shown in Note S1 and Fig. S4. Moreover, the
graphene-like bands and kagome-like bands intersect with
each other, forming two crossing points located approximately
1.2 eV above the Fermi level. Importantly, these two crossing
points are not isolated but are part of the same nodal loop
structure.

To demonstrate the topological properties of the 2D nodal
line, we conducted a Z2 calculation using the method proposed
by Xiang et al. [55]. This involves calculating the mirror
eigenvalues (εa = +1 or −1) at four time-reversal invariant
points. For the 2D hexagonal lattice, these points consist of
	 (0.0, 0.0), and the three additional points M0 (0.5, 0.0),
M1 (0.0, 0.5), and M2 (0.5, 0.5). In a 2D spinless system
with time-reversal symmetry, the Z2 number is defined as
Z2 = ε	εM0εM1εM2 , where εa = ∏Nocc

n εan and Nocc represents
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TABLE I. The calculated parity eigenvalues and Z2 of bands near
the nodal line.

Parity

Band index 	 M0 M1 M2 Z2

B9 No. 14 −1 +1 +1 +1 −1
KB18 No. 23 −1 +1 +1 +1 −1
K2B9 No. 14 −1 +1 +1 +1 −1

the total number of occupied states. It can be concluded that
Z2 = [(−1)]N , where N is the total number of nodal lines in
the 2D system. In the case of the B9 monolayer, consider-
ing the Nocc bands, there are three “+” at the M points and
one “−” at the 	 point. Therefore, Z2 = (+1)3(−1)1 = −1,
indicating the nontrivial band topology of the nodal loop
surrounding the 	 point in the BZ of the B9 monolayer, as
shown in Table I.

Upon further examination of the band structure of KB18,
KB9, and K2B9, we observed that the nodal loop in KB18

and K2B9 remains intact due to the presence of σh mirror
symmetry. These structures inherit a Z2 value of 1 from the
B9 monolayer. However, in the case of the mirror-broken
KB9 monolayer, the nodal loop degrades into Dirac points,
as shown in Fig. 3(g). Analyzing the orbital-resolved band
structure, we found that the Dirac points mainly arise from
the inversion between the px + py orbitals and the pz orbitals
of the B atoms.

To further explore the topological properties of the KB9

monolayer, we investigated the Berry phase surrounding the
Dirac points. The calculated Berry phase value was found to
be π , indicating the nontrivial topological nature of the KB9

monolayer.
The valence band and conduction band of the KB9 mono-

layer exhibit an inverted conelike structure in reciprocal lattice
space, as illustrated in Fig. 3(h). This configuration con-
tributes to the formation of two-dimensional Fermi surfaces
(FSs) at kz = 0 planes, as depicted in Fig. 3(i). Clear Fermi
surfaces are observed along the 	-M and 	-K paths.

One of the distinctive features of nontrivial topological
materials is the presence of topological edge states. Therefore,
we examined the edge states at the (01) edge of the KB9

monolayer, as shown in Fig. 3(j). The distinct edge states,
indicated by the gray arrow, provide further evidence for the
topological nature of the KB9 monolayer.

Notably, the vHSs and Dirac points of the KB9 monolayer
are nearly located at the Fermi level, suggesting the poten-
tial coexistence of an ideal topological Dirac cone and high
carrier density in this material. This intriguing characteristic
opens up different possibilities for the realization of a high-Tc

topological superconductor.

C. Electron-phonon coupling and superconductivity

Superconductivity in kagome lattices has been widely rec-
ognized [62,63]. Based on the kagome-like band dispersion
discussed earlier, we anticipate that the four monolayers
mentioned possess similar properties. Therefore, we exam-
ine the phonon spectra, phonon densities of states (PhDOS),

Eliashberg spectral function α2F (ω), and electron-phonon
coupling (EPC) λ(ω) of these four monolayers under ambient
pressure, as presented in Figs. 4(a)–4(d).

It is evident that the phonon spectra of these four com-
pounds exhibit a striking similarity. The maximum frequency
of the phonon spectrum reaches approximately 1400 cm−1,
indicating strong valence bonding interactions between the B
atoms. This observation aligns well with the valence-band fea-
tures obtained from the electron localization function (ELF),
as illustrated in Fig. S3 in the Supplemental Material [45].
Upon careful comparison, we concluded that the introduction
of K atoms leads to the emergence of phonon branches in
the frequency range below 200 cm−1. This phenomenon can
be attributed to the higher atomic mass of K compared to B,
resulting in the domination of the lower-frequency region by
the heavier element.

Furthermore, it is noteworthy that the electronic states near
the Fermi level arise from both the B and K atoms in K2B9,
while they originate solely from the B atoms in KB18 and KB9

[refer to Figs. 2(a)–2(d)]. This implies that although the EPC
of all three compounds significantly increases at frequencies
below 200 cm−1, the primary contribution may not be solely
attributed to the K atoms in all cases.

To address this issue, we compiled the phonon spectra of
the three compounds weighted by the phonon linewidth γqv

and the ratio of vibration modes between K atoms and B atoms
at branch v and wave vector q, as shown in Fig. 5. Evidently
the phonon linewidth primarily overlaps with the vibrations of
the B atoms, indicating that the B atoms primarily contribute
to the EPC at frequencies below 200 cm−1 for all three com-
pounds.

Regarding the cumulative EPC, λ(ω), it increases rapidly
within this frequency range (see Fig. 4). Furthermore, due to
the contribution of the B atoms across the entire frequency
range, λ(ω) continues to increase. In contrast to the grad-
ual increase in EPC observed in K2B9, KB18, and B9, the
EPC of KB9 primarily increases at frequencies around 400,
800, and 1300 cm−1. Interestingly, the phonon spectrum of
the KB9 monolayer also exhibits kagome-like bands, and a
large phonon linewidth, indicated by the red circle, occurs
at the flat band around 1300 cm−1 [see Fig. 4(b)], which
contributes to the EPC. Moreover, the EPC of these four com-
pounds increases with the increasing DOS at the Fermi level.
Among them, KB9 exhibits the highest EPC value of 1.14, as
shown in Fig. 4(b) and Table II, which is significantly influ-
enced by the high DOS induced by the vHSs near the Fermi
level.

We further estimated the superconducting transition tem-
perature Tc using the McMillan-Allen-Dynes approach of
the Bardeen-Cooper-Schrieffer (BCS) theory, where Tc =
ωlog

1.2 exp[ −1.04(1+λ)
λ−μ∗(1+0.62λ) ]. The results indicate that all four com-

pounds are phonon-mediated superconductors, as summarized
in Table II.

With a decrease in the K-to-B9 ratio, the Tc of the four
compounds increases from K2B9 (12.56 K) to KB9 (14.46 K),
and then decreases, as shown in Table II and Fig. 6. The
increase in Tc from K2B9 to KB9 is attributed to the vHSs in
the band structure shifting closer to the Fermi level, resulting
in an increase in the DOS at the Fermi level. As the K content
decreases from KB9 to KB18 and then to B9 monolayer, the
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FIG. 4. The phonon dispersion, the phonon DOS (PhDOS) and the Eliashberg function α2F (ω), and accumulated EPC constant λ(ω) of
(a) KB18, (b) KB9, (c) K2B9, and (d) B9. Note that the size of red circles in phonon spectrum represents the phonon linewidth γqv .

FIG. 5. The phonon linewidth γqv and the weight of B atoms and K atoms at branch v and wave vector q of (a) KB18, (b) KB9, and (c) K2B9.

TABLE II. Summary of u∗, λ, ωlog (in K), Tc (in K), and total DOS at the Fermi level for superconductors with ideal topological bands.
(u.c. stands for unit cell.)

Compound u∗ λ ωlog (K) Tc (K) N (EF ) (eV−1 u.c.−1) Ref.

NaAlSi / / / 7 / [37]
Au2Pb / / / <1.2 / [64]
Cd3As2 / / / 2.0 / [32]
TiB4 0.1 0.65 57.61 1.66 / [13]
B9 0.1 0.36 471.21 0.96 0.84 This paper
KB18 0.1 0.78 240.43 10.5 1.60 This paper
KB9 0.1 1.14 266.08 14.46 8.99 This paper
K2B9 0.1 0.62 137.12 12.56 6.42 This paper
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FIG. 6. The curves of transferred charge (from K atoms to
B9 monolayer), density of states at the Fermi level [N (EF )],
electron-phonon coupling constant (λ), superconducting transition
temperature (Tc), and the difference between the energy of vHSs
(EvHS) and the Fermi level (EF ) as a function of the ratio of K atoms
to B9 monolayer.

vHSs gradually move away from the Fermi level, leading
to a gradual decrease in the DOS at the Fermi level and a
decrease in Tc. In other words, the charge transfer from the
K atoms to the B9 layer and the variation in K content result
in different DOS values at the Fermi level for different K-B
systems.

Therefore, the reason why KB9 exhibits the highest Tc

among the four compounds is the presence of vHSs near
the Fermi level in its band structure and the highest DOS at
the Fermi level. This finding is consistent with the previous
analysis of the band structure. Additionally, the Tc values of
the three K-B compounds are higher than those of NaAlSi,
Au2Pb, and TiB4 (see Table II).

Furthermore, strain engineering plays a crucial role in the
application of 2D materials, allowing for precise control over
their electronic properties, EPC strength, and superconducting
behavior. Moreover, when considering the practical growth of
materials, the influence of external strain arising from sub-
strate interactions becomes a crucial aspect to be addressed.
Thus, we investigated the effect of biaxial strains on the EPC
and superconductivity of the KB9 monolayer, the representa-
tive of the monolayers studied in this work.

First, we calculated the phonon spectra of the strained KB9

monolayer for biaxial strains ranging from −1% to 6%. No
negative frequencies in the phonon spectra for strains between
0% and 5% were found, indicating the stability of the KB9

monolayer under tensile strains in this range. Then, we ana-
lyzed the superconductivity of the strained KB9 monolayer.
As summarized in Table S4 in the Supplemental Material,
the superconducting transition temperature Tc decreases with
increasing strain. For example, at a strain of 2%, compared
to the strain-free case, the highest phonon frequency is sig-
nificantly reduced to 1242.74 cm−1. Furthermore, the EPC

constant, Tc, and DOS at the Fermi level decrease to 0.68,
13.81 K, and 1.68, respectively, compared to the values of
1.14, 14.56 K, and 8.99 eV−1 u.c.−1 in the strain-free case.
These findings highlight the importance of vHSs in increasing
the EPC constant and Tc.

Overall, the analysis of strained KB9 monolayers indicates
that strain engineering can have a significant impact on the
superconducting properties of the material, and the presence
of vHSs plays a crucial role in enhancing the EPC constant
and Tc.

D. Stabilities of the four monolayers

Our above studies revealed that all four monolayers,
namely, B9, K2B9, KB9, and KB18, have excellent topologi-
cal and superconductivity properties. To ensure the practical
applicability of these monolayers, it is crucial to thoroughly
examine their stability. Therefore, we carried out the cal-
culations of the cohesive energy, phonon spectrum, elastic
constants, and performed AIMD simulations to examine their
thermodynamic, dynamic, mechanical, and thermal stability,
respectively. By examining these different factors, we can gain
a comprehensive understanding of the stability of these struc-
tures and evaluate their feasibility for real-world applications.

The cohesive energy (Ecoh) provides insights into the struc-
tural stability of materials, representing the energy gained by
arranging atoms in specific crystalline phases or the energy re-
quired to break all bonds within the structure. The Ecoh is cal-
culated using the formula Ecoh = (mEK + nEB − Etot )/(m +
n), in which EK and EB represent the single-atom energies of
K and B, respectively, and Etot represents the total energy of
the K-B monolayer. According to this expression, higher pos-
itive values of Ecoh indicate greater thermodynamic stability.
In our calculations, we obtained EK = −0.16 eV and EB =
−0.29 eV. The corresponding Ecoh values for these structures
are provided in Table S5 in the Supplemental Material [45].

The Ecoh of B9 (6.01 eV/atom) monolayer is higher than
that of the hexagonal-B sheet (5.82 eV/atom), but lower than
those of the flat triangular-B sheet (6.58 eV/atom), buckled-
triangular B sheet (6.74 eV/atom), and α-B sheet (6.86
eV/atom). The calculated Ecoh of three K-B compounds are
higher than the MgB4 (4.86 eV/atom), MgB2 (4.20 eV/atom),
and Mg2B2 (3.75 eV/atom) (see Table S5 in the Supplemental
Material [45]). These results indicate that the B9 mono-
layer and three K-B monolayers possess good thermodynamic
stability,

No imaginary frequencies were observed in the phonon
spectrum over the whole BZ (see Fig. S9 in the Supplemental
Material [45]) for all four monolayers, indicating their dynam-
ical stability.

The mechanical stability of these materials was assessed
by calculating their elastic constants. The obtained elastic
constants are listed in Table S6 in the Supplemental Ma-
terial [45]. All four compounds satisfy the Born criterion,
with C11C22 − C12C12 > 0, C44 > 0, indicating their good me-
chanic stability.

To evaluate their thermal stability, we performed AIMD
simulations using 3 × 3 × 1 supercells and performed the
simulations for 5 ps at 300 K. The results, presented in
Fig. S10 in the Supplemental Material [45], demonstrated that
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these four monolayers maintain their initial configurations
throughout the simulations, indicating their good thermal
stability.

E. Feasibility of experimental realization
and proposed synthesis route

The combined use of first-principles calculations, machine
learning techniques, and other approaches has accelerated
material discovery. In fact, several theoretically predicted
materials have been synthesized shortly thereafter. For in-
stance, the planar Cu2Si monolayer was initially predicted
theoretically [67] and later synthesized experimentally [68].
Similarly, the proposal of two-dimensional kagome lattices
composed of polymerized heterotriangulene units [69] was
followed by the successful fabrication of mesoscale-ordered
two-dimensional π -conjugated polymer kagome lattices by
Galeotti and collaborators [70].

As for our designed B9 monolayer, considering the real-
ization of β12 and χ3 boron sheets on an Ag(111) substrate
[71], the nice lattice match between the Ag(111) surface and
our B9 monolayer [the lattice length of a 2 × 2 supercell of
the Ag(111) slab is 5.78 Å, quite close to the lattice parameter
of 5.79 Å of our B9 monolayer], as well as the close cohe-
sive energies (β12: 6.06 eV/atom; χ3: 6.05 eV/atom; our B9

monolayer: 6.01 eV/atom, at the same level of theory), we
conjecture that our B9 monolayer has a high possibility to be
synthesized on an Ag(111) substrate.

On the other hand, it is worth noting that thin films of
disordered hexaborides, such as CaB6 and SrB6, have been
successfully deposited on MgO or Al2O3 substrates using the
pulsed-laser method [72]. Additionally, we observe a good
lattice parameter match between the 2 × 2 supercell of the
MgO(111) slab (5.96 Å) and our K2B9 monolayer (5.95 Å).
Combined with the confirmation of the global minimum of our
K2B9 monolayer in the 2D space through the CALYPSO code,
our K2B9 monolayer exhibits great potential for realization on
the MgO(111) substrate using the pulsed-laser method.

IV. CONCLUSIONS

In summary, this study presents the design of K2B9, KB9,
and KB18 monolayers with a kagome-like lattice structure,

achieved through a combination of cluster assembly and
first-principles calculations. These monolayers exhibit re-
markable stability in terms of their thermodynamic, dynamic,
mechanical, and thermal aspects. Extensive first-principles
calculations were conducted to investigate their electronic
properties, lattice dynamics, electron-phonon coupling (EPC)
constants, and superconductivity. Our computations revealed
that all three monolayers exhibit phonon-mediated supercon-
ductivity. Notably, increasing the ratio of K atoms to the B9

monolayer brings the van Hove singularities (vHSs) closer
to the Fermi level, leading to an enhanced density of states
at the Fermi level and an increase in the superconducting
transition temperature (Tc). Furthermore, these monolay-
ers possess topological semimetal behavior, with the KB9

monolayer exhibiting ideal Dirac semimetal characteristics,
including Dirac points near the Fermi level. Importantly, the
KB9 monolayer also emerges as the highest-Tc superconduc-
tor, with a Tc value of 14.46 K.

Overall, this work presents a promising avenue for the
design of high-Tc topological superconductors featuring ideal
topological bands. The combination of kagome-like lattice
structures, phonon-mediated superconductivity, and topolog-
ical semimetal properties opens up different possibilities for
exploring exotic electronic and superconducting phenomena
in two-dimensional materials.
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