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Abstract: 

The appearance of van Hove singularities near the Fermi level leads to prominent phenomena, 

including superconductivity, charge density wave, and ferromagnetism. Here a bilayer Kagome 

lattice with multiple van Hove singularities is designed and a novel borophene with such lattice 

(BK-borophene) is proposed by the first-principles calculations. BK-borophene, which is formed 

via three-center two-electron (3c–2e) σ-type bonds, is predicted to be energetically, dynamically, 

thermodynamically, and mechanically stable. The electronic structure hosts both conventional and 

high-order van Hove singularities in one band. The conventional van Hove singularity resulting 

from the horse saddle is 0.065 eV lower than the Fermi level, while the high-order one resulting 

from the monkey saddle is 0.385 eV below the Fermi level. Both the singularities lead to the 

divergence of electronic density of states. Besides, the high-order singularity is just intersected to 

a Dirac-like cone, where the Fermi velocity can reach 1.34 × 106 m/s. The interaction between the 

two Kagome lattices is critical for the appearance of high-order van Hove singularities. The novel 

bilayer Kagome borophene with rich and intriguing electronic structure offers an unprecedented 
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platform for studying correlation phenomena in quantum material systems and beyond. 
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Introduction: 

Van Hove singularities (VHSs) have important implications in condensed-matter physics, for 

they directly affect the electronic transitions, and play a prominent role in the electronic and 

thermal properties of crystalline solids, manifested as pronounced peaks in the absorption or 

emission spectra.1-4 Theoretically, a Van Hove singularity near the Fermi level would increase the 

electronic density of states at the Fermi level, lead to the quantum Lifshitz phase transition,5-7 and 

trigger quantum emergent phenomena like superconductivity, charge density wave (CDW), and 

ferromagnetism.8-12 Experimentally, various structures, such as phosphorene,12 carbon nanotube,13 

twisted bilayer graphene,14-16, FeGe,17 and RhSi(or CoSi),18 etc., exhibit various anomalous 

phenomena related to van Hove singularities in spectroscopic measurements.  

VHSs occur in various lattice structures,19-22 of which Kagome lattice is the typical network 

composed of connected regular triangles sharing vertices, providing a unique platform for both 

Dirac cone (DC) and VHS.23-26 The family of layered vanadium antimonides AV3Sb5 (A=K, Rb, 

Cs) with layered Kagome lattices has emerged as the preferable system to study electronic structure 

with VHS , including conventional and high-order VHSs (HOVHS).27-30 HOVHS is the high-order 

critical point with power-law divergence in the band structure, and vitally promote the formation 

of complex quantum phases via interactions.31-35 HOVHS has been more extensively realized by 

regulating the moiré-pattern graphene with several parameters like twist angle, pressure, or 

external fields.36-41 VHSs have opened up possibilities for correlated phases, and enrich the 

quantum emergent phenomena. 

Owing to the fascinating physics presented by VHS, the search for novel materials with VHSs 
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near Fermi energy is strongly motivated. Compared to AV3Sb5 with layered structures, two-

dimensional (2D) materials have the advantage of integration in electronic devices due to the 

thickness of single or several atomic layers. The change of interlayer coupling in 2D materials is 

an effective method for VHS implementation, like regulating stacking angle in moiré-pattern 

graphene.42 However, the van der Waals stacked graphene with precise angle control is not 

technologically-mature yet for accurate, clean, and high-yield assembly.43,44 A 2D material with 

stronger interlayer interaction and easier realization of VHS near Fermi level is attractive. Among 

the 2D materials, borophene is the recently emerging material with diverse phases and rich 

electronic properties, which has great potential for various applications.45-49 As the lightest 

elemental Dirac materials, β12 and χ3 phases are the very promising 2D structures with highly 

metallic behavior.50-52 By now, more 2D boron allotropes with various topologies and band 

structures exhibiting DCs have been proposed.53-56 Borophene has also been proved the single-

elemental superconductor with the high critical 𝑇௖ beyond 10 K under conditions without high 

pressure and external strain.57,58 Recently, the successful synthesis of bilayer borophene with 

strong interlayer coupling also provides the polymorphism of borophene and richness of electronic 

structures.59,60 All these characters make the borophene a potential platform for intriguing 

electronic properties, including the implementation of VHS near the Fermi level. 

Motivated by the Kagome lattice and rich polymorphism of borophene, we proposed a novel 

bilayer Kagome borophene with multiple VHSs near the Fermi level in this study. The bottom and 

top layers of atoms in the structure make up two Kagome lattices, respectively. It has an extremely 

stable structure and unique bonding characteristics. It owes both VHS and HOVHS in the 

electronic structure. Besides, it is characterized with various novel properties, such as the Dirac-

like cone in electronic structure and even higher Fermi velocity than that of graphene. The rich 
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electronic properties of bilayer Kagome borophene make it a promising candidate for various 

electronic applications like superconductivity, and probably trigger another interesting hotspot. 

Methods: 

In this study, first-principles calculations based on density functional theory (DFT) were 

performed to investigate the structural and electronic properties. The projected augmented wave 

(PAW) method61 and the generalized gradient approximation (GGA) with 

Perdew−Burke−Ernzerhof (PBE)62 exchange-correlation functional were employed for DFT 

calculations using the Vienna Ab initio Simulation Package (VASP) code63,64. A plane wave basis 

with an energy cutoff of 520 eV and 21×21×1 Monkhorst-Pack scheme65 were set in the 

calculations. The energy precision was set to 10-5 eV, and the vacuum size is larger than 18 Å to 

avoid the interactions between two adjacent layers. The atomic positions and lattice parameters of 

the bilayer Kagome borophene were optimized using the conjugate gradient algorithm until the 

forces on each atom were less than 0.01 eV/Å. Following the structural optimization, the electronic 

structure was calculated. To verify the structural stability, the phonon dispersion was calculated 

using density functional perturbation theory (DFPT) method66 with the Phonopy code67 in concert 

with VASP. For the phonon calculation needs a much higher accuracy than normal electronic 

structure calculation, the converging criteria were tightened up to 10-8 eV for total energies. Biaxial 

stress-strain method was applied to evaluate the mechanical properties by elastic constants.68 Ab 

initio molecular dynamics (AIMD) was simulated used a 5×5×1 supercell (150 atoms) with the 

temperature control of Nosé–Hoover thermostat,69 and the time of the simulation was set to 5 ps 

with a time step of 1 fs. The projected crystal orbital Hamilton population (pCOHP) is analyzed 

by the program Local-Orbital Basis Suite Towards Electronic-Structure Reconstruction 

(LOBSTER)70. The solid-state adaptive natural density partitioning (SSAdNDP)71 algorithm was 
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used to analyze the bonding pattern of the structure, which allows the interpretation of chemical 

bonding in systems with transitional symmetry in terms of classical lone pairs and multi-center 

delocalized bonding.  

Results and discussions: 

Bilayer Kagome lattice 

Figure 1. (a) Schematic diagram of bilayer Kagome lattice. The top and bottom lattices are 

distinguished by green and purple, respectively. Six sublattices are marked with six Arabic numerals 

and different colors. (b) 3D band structure and (c) energy contours of specific bands with 𝑡ଵ = 1, 

and 𝑡ଶ = 0. (d) 3D band structure and (e) energy contours of specific bands with 𝑡ଵ = 1, and 𝑡ଶ =

1. The same color bar is used for all 3D band structures and energy contours. The black circle and 

magenta pentagram represent the sites of VHS and DC, respectively. 
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Kagome lattice is the 2D lattice with a hexagonal unit cell consisting of three interconnected 

triangular sublattices. Bilayer Kagome lattice is obtained by the stacking of two Kagome lattices 

rotated by 60 degrees with respect to each other (Figure 1a). Unit cell of the bilayer Kagome lattice 

described by the basis vectors a and b comprises six sites labeled from 1 to 6. The corresponding 

tight-binding Hamiltonian has the following form 

𝐻௧௕ = − ∑ 𝑡௜,௝𝑎௜
ற𝑎௝ழ௜,௝வ − ∑ 𝜖௜𝑎௜

ற𝑎௜௜ ,                      (1) 

where 𝑡௜,௝  could be 𝑡ଵ  or 𝑡ଶ . 𝑡ଵ  and 𝑡ଶ  are the nearest-neighbor hopping amplitudes in a 

single Kagome lattice and between the two Kagome lattices, respectively. When only the 

interaction of the same layer is considered (𝑡ଵ = 1, 𝑡ଶ = 0), two sets of overlapping electronic 

structure could be obtained (Figure 1b). The electronic structure includes DC at the K point, horse 

saddles around the M point as well as flat bands across the whole Brillouin zone, which are the 

typical Kagome band structures.20,72 In the electronic structure, a horse saddle point corresponds 

to the conventional VHS.2 Energy contours of band 1 (or 2) and band 3 (or 4) are illustrated in 

Figure 1c, and VHSs can be clearly distinguished from the diagram. When considering interlayer 

interactions (𝑡ଵ = 1, 𝑡ଶ ≠ 0), the originally degenerate energy bands begin to split (Figure S1). 

Electronic structure and energy contours with six separated energy bands (𝑡ଵ = 1, 𝑡ଶ = 1) labeled 

from band 1 to 6 are presented in Figure 1d, e. Among them, VHS at the point M in band 1 always 

exists with the increase of 𝑡ଶ. VHS at the point M in band 2 and 3 gradually splits into two 

symmetrical VHSs with the increase of 𝑡ଶ. The K point in band 2 (the position of DC) generates 

a new singularity and gradually splits into three horse saddle points as 𝑡ଶ increases. When three 

horse saddle ∝(𝑥ଶ − 𝑦ଶ) points approach each other, they merge into a monkey saddle ∝(𝑥ଶ −

3𝑥𝑦ଶ) point, which is a HOVHS (Figure S1).26,31 Band 4 flattens as 𝑡ଶ  increases, until it 

eventually becomes flat band. Band 5 and Band 6 separate from the overlapping flat band and form 
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Dirac cone at point K, and three VHSs are also generated in Band 5. Overall, such a lattice provides 

an intriguing platform with multiple VHSs, and the HOVHS originates from the interaction 

between the two Kagome lattices. 

Bilayer Kagome Borophene 

Figure 2. (a) Top and (b) side views of BK-borophene. It can be viewed as the stacking of two 

Kagome lattices rotated by 60 degrees with respect to each other, or as a configuration based on 

octahedral units. The dashed red lines represent the structural unit. (c) Phonon band structures along 

high symmetric points in Brillouin zone. (d) Molecular dynamics simulation at T = 900 K with 5000 

fs. A color coding is used to distinguish the top and bottom atoms. 

Bilayer Kagome borophene (BK-borophene) is proposed by replacing the sublattices with boron 

atoms. After structural optimization, the stable structure of a novel boron allotrope is finally 
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obtained (Figure 2a and 2b). The structure has a lattice constant of 3.55 Å, and is characterized by 

three bonding types, which have the length of 1.82 (bond 1), 1.73 (bond 2), and 1.77 (bond 3) Å. 

All atoms are six coordinated, forming two absolute planes. The distance between the two planes 

is 1.46 Å. From another point of view, the structure can also be viewed as combination of 

octahedron structures, whose unit cell is illustrated by the dashed red lines in Figure 2a and left 

top view in Figure 2b. In fact, as the smallest known hydro-closo-borate, octahedral [B6H6]2- (right 

top view in Figure 2b) has been prepared long ago and comprehensive investigated,73 indicating 

the possible synthesis of BK-borophene through polymerization reactions. 

The energy of BK-borophene is -6.14 eV per atom, which is much close to that of β12 (-6.25 

eV/atom) and χ3 phases (-6.28 eV/atom) in our calculations. The four 2D elastic constants are 

𝐶ଵଵ = 𝐶ଶଶ = 251.69 , 𝐶ଵଶ = 32.18 , and 𝐶଺଺ = 109.76 N/m , which satisfy the Born-Huang 

criteria of the mechanical stability.74 The 2D Young’s modulus (Y) in the Cartesian [10] and [01] 

directions are  

𝑌[ଵ଴] =
஼భభ஼మమି஼భమ

మ

஼మమ
, and 𝑌[଴ଵ] =

஼భభ஼మమି஼భమ
మ

஼భభ
,                (2) 

the shear modulus (G) is  

𝐺 = 𝐶଺଺,                               (3) 

and Poisson’s ratios (𝑣) are given as75:  

𝑣[ଵ଴] =
஼భమ

஼మమ
, and 𝑣[଴ଵ] =

஼భమ

஼భభ
.                       (4) 

According to the formulas, the Young's and shear modulus of BK-borophene are smaller than that 

of graphene but larger than β12 or χ3 phases (Table 1). The phonon spectrum of the structure is 

presented in Figure 2c, showing no imaginary frequencies, indicating its dynamical stability. The 

highest frequency observed in the phonon spectrum is about 34 THz, which could be attributed to 

the high stiffness of boron bonds. AIMD simulations were performed to check the 
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thermodynamical stability, as shown in Figure 2d and S2. BK-borophene is stable under the 

temperature below 900 K. When the temperature reached 1000 K, the system experienced bond 

fracture and reconstruction (Figure S2). AIMD simulations reveal that the structure remains 

thermodynamically stable even in the environments with high-temperature. 

It is noticed that a two-dimensional metallic boron (2D-B6) constructed by B6 octahedron was 

already proposed in previous study,76 which is a quasi-2D structure formed by connecting the four 

vertices of octahedron in a square lattice (Figure S3). The energy of BK-borophene is lower by 

0.40 eV/atom than 2D-B6, indicating that BK-borophene could be easier to synthesize in 

experiments. For comparison, the data of 2D-B6 including Young's modulus, Shear modulus, as 

well as Poisson’s ratio are also listed in Table 1. Overall, BK-borophene has great energetic, 

mechanical, kinetic and thermodynamic stability. 

Table 1. Energies per atom (E), and mechanical properties of Young’s modulus in the Cartesian [10] and 

[01] directions (𝑌[ଵ଴]/𝑌[଴ଵ]), 2D shear modulus (G), and Poisson’s ratio in the Cartesian [10] and [01] 

directions (𝑣[ଵ଴]/𝑣[଴ଵ]) for BK-borophene, graphene, β12, χ3, and 2D-B6. Asterisk (*) represents the results 

from literature.76 

Materials E (eV/atom) 𝑌[ଵ଴]/𝑌[଴ଵ] (N/m) G (N/m) 𝑣[ଵ଴]/𝑣[଴ଵ] 

BK-borophene -6.14 247.57/247.57 109.76 0.128/0.128 

Graphene / 344.83/344.83 147.74 0.175/0.175 

β12 -6.25 186.80/217.92 68.44 0.152/0.178 

χ3 -6.28 203.00/196.23 57.01 0.136/0.131 

2D-B6 -5.74 

-5.76* 

154.02/154.02 

149.01* 

5.99 -0.087/-0.087 

-0.08* 
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Electronic structure 

Figure 3. (a) Electronic band structure along symmetry lines of the Brillouin zone based on the PBE 

level, and (b-e) s, p projected band structure. (f) 3D plot of the bands 1-3 with three colors (green, 

blue, and red), and comparison of horse saddle and monkey saddle according to the mathematical 

functions 𝑧 = 𝑥ଶ − 𝑦ଶ (horse saddle), and 𝑧 = 𝑥ଶ − 3𝑥𝑦ଶ (monkey saddle). The Fermi level 

is set at 0 eV. 

The β12 or χ3 phases of borophene that have been synthesized exhibit metallic properties,45 and 

BK-borophene is no exception. Figure 3 illustrates the band structure of BK-borophene. The bands 

near Fermi level from low to high energy are marked as bands 1-3 (Figure 3a). In band 2, two 

connected horse saddle and monkey saddle appear, and the connection is just in contact with the 

Fermi level. The horse saddle point (VHS) and monkey saddle point (HOVHS) are located at the 

energies of 0.065 eV (M) and 0.385 eV (K) below the Fermi level, respectively. According to 

various studies, once a VHS approaches Fermi energy, various correlated electronic phases, like 

ferromagnetism,77 CDW,78 or superconductivity79 would be substantially enhanced. At the 
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monkey saddle point, a Dirac-like cone also appears. Figures 3b-e show the contributions of 

different orbitals (including s, px, py, and pz) of the boron atoms to the band structure. The py orbital 

has significant contribution to the bands near the Fermi level, while the s orbital of boron atoms 

has almost no contribution to the band near the Fermi level, except for a slight contribution around 

the horse saddle. Figure 3f presents the 3D structure of band 1-3, so that the horse saddle and 

monkey saddle points can be clearly distinguished. Mathematically, the horse and monkey saddles 

are surfaces defined by the Cartesian equations 𝑧 ∝ 𝑥ଶ − 𝑦ଶ, and 𝑧 ∝ 𝑥ଶ − 3𝑥𝑦ଶ, consistent with 

the structures appearing in the 3D energy band. 

Figure 4. (a) 3D structure of band 1-3. The black and red arrows separately point to VHS and 

HOVHS, respectively. (b) The energy contours of bands 1-3. (c) Total and (d) projected density of 

states (PDOS) based on the PBE level. The black and red circles represent the sites of VHS and 

HOVHS, respectively. The dashed black lines show the Brillouin zone. The same color bar is used 

for 3D band structures and energy contours. The Fermi level is set at 0 eV. 

To better analyze the singularities, we have carried out a detailed analysis on the 3D band 
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structure, as shown in Figure 4. In addition to the band mentioned earlier that appears in band 2, 

VHSs also appears at the energy of 1.202 eV higher than Fermi level in band 3 (in the blue dashed 

box in Figure 4a), which is not in the highly symmetric path of the Brillouin zone. The contour 

plots of band 1-3 in Figure 4b better illustrated the sites of VHSs in Brillouin zone. Interestingly, 

as presented in the zoomed circle in Figure 4a, it could be found that the two Dirac-like bands 1 

and 3 are not touched, but rather the bottom of band 3 is precisely connected to the saddle point of 

band 2, exactly consistent with the situation of band 2 and 3 in the tight-binding model (𝑡ଵ = 1, 

𝑡ଶ ≠ 0). The energy gap between band 1 and 3 is 0.117 eV. The Fermi velocity in band 3 at the K 

point can reach 1.34 × 106 m/s, even higher than that of graphene (1.10 × 106 m/s)80. When 

considering spin-orbit coupling, a band gap of 0.017 eV was opened between bands 2 and 3, and 

the energy gap between bands 1 and 3 is enlarged to 0.138 eV. 

VHS would lead to a divergence in the density of states (DOS), showing the pronounced peaks 

in Figure 4c. These peaks signify the existence of localized electronic states and are indicative of 

the unique topological nature of the BK-borophene. The peaks resulting from VHS and HOVHS 

near the Fermi level are obviously presented. HOVHS at monkey saddle is a multi-critical Lifshitz 

point, which portends a tendency towards many-body instabilities.31,41 The VHS-induced Lifshitz 

transitions could be observed in spectral probes of the electronic bands, such as angle-resolved 

photoemission spectroscopy or Landau level spectroscopy.31 To gain insight into the orbital 

contributions, we performed orbital projection analysis of density of states (PDOS), as illustrated 

in Figure 4d. The results of PDOS indicate the entire electronic structure is contributed by both 

the s and p orbitals, indicating the hybridization of s and p orbitals. Near the Fermi level, the DOS 

is predominantly influenced by the p orbitals. For VHS in band 3, the pz orbital contributes the 

most to the DOS. This observation suggests the presence of complex electronic interactions and 



13 

highlights the intricate nature of the bonding in BK-borophene. 

Bonding analysis 

Figure 5. (a) The -pCOHP plots of the three B-B bonds, (b) isosurfaces of the bilayer Kagome 

borophene with ELF=0.75, 0,80, and 0.85, respectively. (c) Bonding orbitals based on SSAdNDP 

method, including the occupations of electrons and types of bonding. 

Figure 5a displays the information of bonding and antibonding states. Below the Fermi level, no 

antibonding states are present in bond 2 and bond 3, whereas bond 1 shows little antibonding states 

below the Fermi level. As a convenient descriptor of electron fluctuation, the electron localization 

function (ELF) could characterize the chemical bond (Figure 5b). From the isosurface plots at 

ELF=0.75, electron localization is observed in all the triangular regions formed by boron atoms; 

at ELF=0.8, the localized electrons between the top and bottom boron layers disappear; at 

ELF=0.85, only the triangular region formed by bond 1 exhibits noticeable electron localization. 

The localized nature of the electrons at the triangular sites of bilayer Kagome borophene indicates 

a character of three center bonds. To confirm this, the bonding pattern was also examined, as 

depicted in Figure 5c. The structure consists of ten 3c-2e bonds with three types: two with electron 

occupancy of 1.95 |e|; two with electron occupancy of 1.92 |e|; six with electron occupancy of 1.78 
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|e|. Unlike traditional covalent bonds where electrons are localized between two atoms, 3c-2e 

bonds involve the delocalization of electrons over all three atoms involved. The delocalization 

allows for the sharing of electron density across the bond, resulting in stabilization of the system. 

Conclusion: 

We have designed a bilayer Kagome lattice and proposed a novel bilayer Kagome borophene 

with multiple van Hove singularities by the first-principles calculations. The stability of such 

structure is confirmed through total energy per atom, phonon dispersion, molecular dynamic 

simulations, as well as elastic constants calculations. There are ten three-center two-electron (3c–

2e) σ-type bonds in the unit cell, which allows for the sharing of electron density across the bond, 

resulting in stabilization of the structure. The electronic structure hosts both conventional and high-

order VHS. VHS resulting from the horse saddle is 0.065 eV lower than Fermi level, while 

HOVHS resulting from the monkey saddle appear about 0.385 eV below the Fermi level. Both 

VHS and HOVHS lead to the divergence of electronic density of states. Besides, HOVHS is just 

intersected to a Dirac-like cone, and the spin-orbit coupling effect opens a band gap of about 17 

meV. The Fermi velocity can reach 1.34 × 106 m/s, even higher than that of graphene (1.10 × 106 

m/s). All the results showing KB-borophene is a rare example of bilayer Kagome lattice which 

host VHS, HOVHS, as well as Dirac-like cone around the Fermi level, presenting an opportunity 

to establish the connection between various phenomena. These features make BK-borophene a 

promising candidate for applications in electronics, as well as other fields. We hope that this study 

will stimulate further theoretical and experimental research of correlation phenomena in this 

system. 
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