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Topological nodal line and superconductivity of highly thermally stable two-dimensional TiB4
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By means of first-principles calculations, we study the electronic structures, lattice dynamics, electron-
phonon coupling (EPC), and superconductivity of TiB4 monolayer (TBML) and TiB4 bilayer (TBBL). We
find that both TBML and TBBL are nodal line semimetals, and the occurrences of their nodal lines are
mainly due to the band inversions between B-px + py and B-pz for TBML and between Ti-dxz + dyz and
Ti-dz2 for TBBL. The distortion of Ti atoms in the TBBL induces a horizontal glide mirror plane, which
protects its nodal line against the spin-orbit coupling. The computed EPC constant λ of TBML is 0.65,
higher than that of the TBBL with λ = 0.35. Both TBML and TBBL are identified to be phonon-mediated
two-dimensional (2D) superconductors with the calculated Tc = 1.66 K and 0.82 K, respectively. The Tc of
the TBBL can be further enhanced to 6.43 K by applying a tensile strain of 11%. Moreover, they exhibit
excellent thermal stability. The coexistence of the topological nodal-line states around the Fermi level and
superconductivity in the square-lattice TiB4 monolayer may show more potential for realization of exotic
physics.

DOI: 10.1103/PhysRevB.104.195123

I. INTRODUCTION

Superconductors with nontrivial electronic band structure
have attracted plenty of attention due to the possibility of
realizing novel quantum states, such as topological supercon-
ductors and Majorana fermions [1–3]. Nontrivial electronic
band structure emerges in topological electronic materials,
such as topological insulators and topological semimet-
als [4–7]. The topological insulator exhibits an insulating
bandgap at its bulk phase and topologically protected nontriv-
ial metallic helical states with a linear Dirac cone dispersion
at its surface. Unlike topological insulators, topological
semimetals display the topologically protected nontrivial sur-
face states and topologically nontrivial Dirac or Weyl cone
dispersions at their bulk state. The appearance of the Dirac
or Weyl cones around the Fermi level at the bulk phases of
topological semimetals makes them not easy to achieve topo-
logical nontrivial states and superconductivity simultaneously.
The reason is that the carrier density of topological semimetal
near Fermi level normally is low due to the existence of Dirac
point, Weyl point, or nodal line. Yet, for a superconductor,
a higher carrier density near the Fermi level is beneficial to
achieve a higher critical temperature [8]. Therefore, exploring
the superconductivity in topological semimetals is crucial for
the study of topological superconductivity.

Metallic borides (MBs) are an important class of inorganic
solid with a large variety of crystal structures, originated from
the ability to form multicentred boron bonds to overcome
electron deficiency [9,10]. Based on this, zero-dimensional
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(0D) boron centers, one-dimensional (1D) boron chains
[11], two-dimensional (2D) boron layer [12], and three-
dimensional (3D) boron network [13] are achieved in MBs,
which makes MBs have various properties, such as superhard-
ness material [14–16], topological semimetals [17,18], and
superconductors [12,20,21].

The well-known superconductor in 3D MBs is MgB2, dis-
covered to be superconductive at a remarkably high critical
temperature Tc = 39 K [12,19,20]. Such a high Tc of MgB2
originates from the fact that its interband anisotropy enhances
the effective EPC constant relevant to superconductivity [21].
Interestingly, ZrB2 and TiB2 crystallize in the same lattice
structure as that of MgB2, and both of them exhibit topological
Dirac nodal-net fermions [17,18]. However, none of them is a
superconductor [22].

The situation becomes a bit different in their 2D MBs. Sev-
eral 2D MBs nodal line semimetals (NLSs) are theoretically
reported as superconductors. Using high-throughput structural
searching, a 2D AlB6 material is identified as a nodal-line
material and predicted as superconductor with Tc = 4.7 K
[23]. Surprisingly, the Tc of AlB6 monolayer can be greatly
enhanced up to 30 K by applying a tensile strain of 12%. Fur-
thermore, even though hydrogen adatoms destroy the Dirac
state of monolayer TiB2, monolayer TiB2H is predicted as a
phonon-mediated superconductor with Tc of 8 K [24]. This
predicted Tc also increases with the applications of external
tensile strains.

To date, 2D coexisted topological nontrivial and super-
conducting materials have caught plenty of attention, e.g.,
NLSs AlB6 [23], 2D W2N3 [25], type-II Weyl semimetal
WTe2 [26,27], one-unit-cell FeSe [28], and NLSs Cu2Si
[29]. However, besides the NLSs Cu2Si [29], rare veritable
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one-atomic-thickness 2D materials were reported. Thus, the
problem remains open as to whether the superconductivity
and topological nodal-line states would occur simultaneously
in one-atomic-thickness MBs.

To answer this question, we focus on one-atomic-thickness
monolayer TiB4 (TBML) and bilayer TiB4 (TBBL). Both
TBML and TBBL are stable theoretically [30,31]. TiB4 is a
candidate material for energy storage of H2 and CH4 [32] and
Li-ion batteries anodes [30]. By employing first-principles
calculations, we derived their electronic structures, lattice
dynamics, EPC constant, and phonon-mediated superconduc-
tivity. The results reveal that both TBML and TBBL are
nodal-line semimetals and their EPC constants are as high as
0.65 and 0.35, respectively. The softening ZA (out-of-plane
acoustic) mode in the TBML is mainly responsible for its
higher EPC constant. Both TBML and TBBL are phonon-
mediated 2D superconductors with the predicted transition
temperature of Tc = 1.66 K and 0.82 K, respectively. The
TBBL is dynamically stable under the biaxial tensile strain
ranging from 1%–11%. The predicted Tc of the TBBL in-
creases to 6.43 K with a tensile strain of 11%. Both TBML and
TBBL show excellent thermal stability, which will facilitate
their experimental synthesis.

II. COMPUTATIONAL METHODS

First-principles calculations were performed by using the
Vienna ab initio simulation package (VASP) [33–35]. The
exchange-correlation potential was treated by the general-
ized gradient approximation (GGA) of the Perdew-Burke-
Ernzerhof (PBE) type [36]. The cutoff energy for plane-wave
expansion was 500 eV and the k-point sampling grid in
the self-consistent process was 15 × 15 × 1. The crystal struc-
ture was fully relaxed until the residual forces on each atom
became less than 0.001 eV/Å and the energy precision be-
came less than 10−6 eV. A vacuum of 20 Å between layers
was used to model monolayer and bilayer TiB4.

The calculations (EPC and superconductivity) were per-
formed with local density approximation [37] as implemented
in the Quantum-ESPRESSO [38,39] package with ultrasoft
pseudopotentials (USPP) found in the standard solid-state
pseudopotentials (SSSP) library. The kinetic energy cutoff
and the charge density cutoff of the plane wave basis were
chosen to be 100 and 800 Ry for TBML and 80 and
640 Ry for TBBL, respectively. All the structures were re-
laxed to their equilibrium positions such that the forces acting
on each atom became smaller than 10−6 Ry/Bohr. We used
Marzari-Vanderbilt cold smearing [40] of 0.02 Ry to speed
up the convergence. The self-consistent electron density was
evaluated by employing 36 × 36 × 1 �k mesh for TBML and
24 × 24 × 1 �k mesh for TBBL. The EPC and superconduc-
tivity are calculated using the density functional perturbation
theory (DFPT) [41]. Both phonon and EPC were calculated
using a 6 × 6 × 1 �q mesh for both the TBML and TBBL.

The Wannier-based Hamiltonian was constructed by the
Wannier90 package [42]. Berry phase and edge-state calcu-
lations based on maximally-localised Wannier functions were
done using the WannierTools package [43].

FIG. 1. The crystal structure of 2D TiB4. (a) The top and
(b) the side view of the optimized TBML. The cyan atoms denote
Ti atoms and the green atoms denote B atoms. (c) The top and (d) the
side view of the optimized TBBL. The cyan and orange atoms denote
Ti atoms of upper and bottom layer, respectively. The green and blue
atoms denote B atoms of the upper and bottom layers, respectively.

III. RESULTS AND DISCUSSIONS

A. Structural models of TBML and TBBL

The TBML, shown in Figs. 1(a) and 1(b), exhibits a pla-
nar edge-sharing Ti©B8 wheel structure with space group
P4/mmm, and the optimized lattice constants of a = b =
4.106 Å. The optimized Ti-B bond length is 2.218 Å. The B-B
bond length in the boron squares is 1.716 Å, whereas the B-B
bond length in the sharing edges is 1.679 Å. These results
are in good agreement with the reported data in the previous
papers [30,32].

Interestingly, when it comes to the double-layer stackings
of the TBML, here named as TiB4 bilayer (TBBL), the struc-
tures are changed. After optimizing several different TBBLs,
the most energetically favorable configuration displayed in
Figs. 1(c) and 1(d), is the one that upper-layer Ti atoms locate
above the center of the B square rings in the sublayer and vice
versa. On closer inspection, we found that the Ti atoms no
longer keep in the horizontal plane with B atoms, but move
toward another layer by 0.593 Å, leading to the space group
changing from P4/mmm (No. 136) to P4/nmm (No. 129).
The optimized lattice constants of TiB4 bilayer is a = b =
4.075 Å. They are a little bit smaller than those of the TBML
(a = b = 4.106 Å). Moreover, the vertical interlayer distance
between the B-B layers is 2.822 Å, and the calculated inter-
layer interaction energy is 280 meV per atom. These results
are consistent with the previously reported values [30,32].
Such a change of stacking and the structure of the TBML will
promote different electronic properties in the TBBL.

B. The electronic properties of the TBML and the TBBL

The electronic band structures of the TBML without the
inclusion of spin-orbit coupling (SOC) are shown in Figs. 2(a)
and 2(b). We find that, in Fig. 2(a), there is one band de-
generate node at the high symmetry point M near the Fermi
level. We doubly checked the bandgap at this degenerate node,
and it is a zero-gaped parabolic-like node point (PNP1), as
shown in Fig. 2(c). The other zero-gaped parabolic-like de-
generate node point (PNP2) in Fig. 2(d) is also observed at the
high-symmetry point � about 0.25 eV above the Fermi level.
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FIG. 2. The electronic structures of the TBML. (a) The band structure and (b) the orbital-resolved band structure of the TBML, where the
red and the blue circles represent the projections of the B pz and px + py orbits, respectively. (c) and (d) are the 3D band dispersion around the
PNP1 and PNP2, respectively. (e) The gap between Nocc band and Nocc+1 bands in the whole BZ. The black circle around M is the nodal line
shown in (a). The red + and – are the mirror eigenvalues of time-reversal invariant points. (f) The projected edge band spectrum of the (010)
edge of the TBML.

To further understand whether these two PNP1 and PNP2
are topologically nontrivial, the Wannier-based Hamiltonian
is obtained by combining first-principles calculations and
maximally-localised Wannier functions calculations. Then,
the Berry phases of these two PNPs are derived as [43,44]

γn =
∮
C

An · dk, (1)

where An = i〈un,k | ∇kun,k〉 is the Berry connection and un,k
is the lattice periodic part of the Blöch wave functions. The
results show that these two PNPs host the zero Berry phases,
indicating their topologically trivial nature.

We still observe that, in Fig. 2(a), there are three band
crossing nodes around –0.4 eV at the high-symmetry lines
of �-X, �-Y, and �-M below the Fermi level, respectively.
In order to identify whether or not these three band cross-
ing nodes are connected to each other, we have drawn the
Nocc and Nocc+1 bands in the whole BZ, where the Nocc is
the total number of the occupied states of the TBML. As dis-

played in Fig. 2(e), there is one black ring around the centered
M point formed by the contact between Nocc and Nocc+1
bands. This fact means the three nodes near the M point in
Fig. 2(a) sit at such a nodal ring. The orbital-resolved band
structure [Fig. 2(b)] displays that the nodal ring is caused
by the inversion between the pz and px + py orbits of the
boron atoms, indicating that the TBML is a NLS. Moreover,
since the Z2 number [45] based on the Berry phase for the
3D NLSs does not work in the 2D case, we then calculated
the Z2 number of the TBML by the method proposed in
Ref. [46], where the Z2 number of 2D materials can be defined
as Z2 = ξ�ξX ξY ξM = (−1)N . Here, N is the total number of
nodal rings and the ξa = ∏Nocc

n=1 ξan [ξan is the mirror eigenvalue
(+1 or –1) for each state at any k points]. In a 2D spinless
system with the time-reversal symmetry, �(0, 0), X(0.5, 0),
Y(0, 0.5), and M(0.5, 0.5) are the four time-reversal invariant
points. Figure 2(e) shows the ξan at �, X, Y, and M by – and
+. There are one + and three –, namely Z2 = (+1)1(−1)3 =
(−1)1, in accordance with the fact that there is a topological
nontrivial nodal ring surrounding the M point in the BZ of the
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FIG. 3. The electronic structures of the TBBL. (a) The band structure and the orbital-resolved band structure of the TBBL. (b) The 3D
band of Nocc (red) and Nocc+1 (blue) band in the whole BZ. The black 3D-snake-like ring is the nodal ring of the TBBL. The black ring at the
bottom is the projection of the nodal ring. The red + and – are the mirror eigenvalues of time-reversal invariant points. (c) The projected edge
band spectrum of the (010) edge of the TBBL.

TBML. We have compiled the topologically projected edge
electronic band at the (010) edge of the TBML. As shown in
Fig. 2(f), there is an apparent edge state that appears inside the
projection of the nodal loop, which supports the results of the
Z2 calculation and confirms the topological properties of the
TBML.

We further analyzed the electronic band structure of the
TBBL TiB4 in Figs. 3(a) and 3(b), exhibiting a quite different
electronic structure from that of its monolayer. As shown in
Fig. 3(a), there are three nearly linear crossing points near
the Fermi level along the high-symmetry lines of �-X, �-Y,
and �-M, respectively. The orbital-resolved band structure
shows that all of them are caused by the band inversion be-
tween the dxz + dyz and dz2 -like states of Ti atoms, as shown
in the low panel in Fig. 3(a). This is apparently different
from the band inversion in the TBML. In order to identify
whether or not these three points are connected to each other,
we also drew the Nocc and Nocc+1 bands in the whole BZ.
As displayed in Fig. 3(b), all of these three crossing points
come from a �-centered energy-waved rectangle-shape-like
nodal ring formed by the contact between red (Nocc band)
and blue (Nocc+1 band) hook faces, with the projection of a
rectangle nodal line, as shown in the bottom of Fig. 3(b). In
similarity, we have calculated the mirror eigenvalues (+ or –)
at the four time-reversal invariant points �, X, Y, and M, Z2

= ξ�ξX ξY ξM = (−1)1(1)3 = (−1)1. Thus, this result reveals
there exists only one nodal line around the centered � point,
and this nodal line is topologically nontrivial. Furthermore,
we derived its topologically protected nontrivial edge states
on its (010) edge boundary in Fig. 3(c). As expected, a bright
nontrivial edge state appears, located outside the nodal ring.
This is different from the nontrivial edge states of the nodal
ring of the TBML, which sits inside the nodal ring. Note that,
due to buckled TiB4 monolayer, the TBBL holds a glide mir-
ror plane between two buckled TBMLs. This feature makes
its nodal line highly robust against the SOC [47].

C. Electron-phonon coupling and superconductivity

We derived the phonon dispersions, phonon DOS,
Eliashberg function as well as accumulated EPC constant of
the TBML, as shown in Fig. 4. The absence of any imag-
inary mode of the phonon spectra indicates that the TBML
is dynamically stable. Its highest frequency of 1082 cm−1 is
much higher than those of MoS2 (473 cm−1) [48] and Cu2Si
(421 cm−1) [29], but smaller than those of graphene (1600
cm−1) [49], χ3-B (1290 cm−1) [50], β12-B (1200 cm−1) [50],
and B2C (1243 cm−1) [51]. The higher frequency indicates
the strong bonding interactions between its component atoms.
The mechanical representation, at the � point, is M = A1g +
A2g + 2A2u + B1g + B2g + B2u + 3Eu + Eg, where the acous-
tic modes are A2u and Eu, and the other modes belong to
the optical ones. In detail, both A2u and Eu are the IR ac-
tive modes, and A1g, B1g, B1g, and Eg are the Raman active

FIG. 4. (a) The phonon dispersion of the TBML, the area of
the red circles represents the strength of phonon linewidth γq,ν ,
(b) phonon DOS, and (c) Eliashberg function α2F (ω) with accumu-
lated EPC constant λ(ω).
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FIG. 5. (a) The phonon dispersion of the TBBL, the area of
the red circles represents the strength of phonon linewidth γq,ν ,
(b) phonon DOS, and (c) Eliashberg function α2F (ω) with accumu-
lated EPC constant λ(ω).

modes. For the three acoustic modes, the in-plane longitudinal
acoustic (LA) and in-plane transverse acoustic (TA) modes are
almost linear. However, the out-of-plane acoustic (ZA) mode
is soft and nearly quadratic, which reflects well the 2D nature
of this monolayer. This feature is also observed in graphene
[49], MoS2 [48], and other 2D materials [52,53]. Interestingly,
the lowest frequency optical (LFO) branch has the almost
same tendency as the ZA mode does (We will discuss the
effect of this mode on the EPC in the following text). For
the partially decomposed phonon density of states [Fig. 4(b)],
the low-frequency part of the phonon DOSs mainly come
from the vibration of Ti atoms, whereas that of B atoms
contribute mostly to the optical branches. Physically, this fact
is mainly caused by the difference in their atomic masses.

Using the derived Eliashberg function α2F (ω), we ana-
lyzed the contribution of each phonon mode to the accu-
mulated EPC constant of λ(ω). As shown in Fig. 4(c), the
low-frequency part especially the ZA mode dominates the
EPC constant. In detail, the ZA mode and the LFO branch
contribute to the first and second peaks of the Eliashberg
function with the EPC constant of 0.38 (58%) and 0.11 (17%),
respectively, among the total EPC constant of 0.65. This is
quite similar to Cu2Si [29]. The phonon linewidth showed
in Fig. 4(a) suggests, for the low-frequency part, these two
Eliashberg function peaks mainly come from the vibration
modes of the ZA and LFO branches from both Ti and B atoms
at the M point, and for the high-frequency part, the Eliashberg
function peaks mainly come from three optical modes (B1g,
B2g, and A1g) of the B atoms at the � point.

In order to investigate the thickness dependence of the
EPC, we derived the phonon dispersions, phonon DOSs,
Eliashberg function, and the accumulated EPC constant of
the TBBL in Fig. 5. Note that no imaginary mode exists in
its phonon dispersion, indicating its dynamical stability. As
compared to the TBML, there are several differences in the
TBBL: (i) the highest-frequency of the TBBL is 1187 cm−1,
which is higher than that of 1087 cm−1 in the TBML, sugges-
tive of its stronger bonding interactions and (ii) In the region
within the frequency lower than 500 cm−1, as what the PDOSs
display in Fig. 5(b), there are more phonon modes between
250 cm−1 and 500 cm−1 in comparison with the TBML. There

FIG. 6. (a) The phonon dispersion of the TBBL with a tensile
strain 11%, the area of the red circles represents the strength of
phonon linewidth γq,ν , (b) phonon DOS, and (c) Eliashberg function
α2F (ω) with accumulated EPC constant λ(ω).

is no apparent soft mode at frequencies less than 250 cm−1.
Physically, it is mainly since, when two TBML layers are
stacked together, Ti atoms move toward another layer to cause
the difference in their vibrational environment. The total EPC
constant of the TBBL is 0.35, lower than that of TBML of
0.65. This kind of behavior that the EPC constant decreases
with increasing the thickness is also in 2D materials of CoO2

[56] and TaS2 [57].
In terms of the derived Eliashberg function α2F (ω),

we further calculated the logarithmic average phonon
frequencies by ωlog = exp[ 2

λ

∫ ∞
0

dω
ω

α2F (ω) log ω] and de-
rived the superconductivity critical temperature using the
simplified Allen-Dynes-modified McMillan formula [58],
Tc = ωlog

1.2 exp[ −1.04(1+λ)
λ−μ∗(1+0.62λ) ]. For the TBML, the ωlog and Tc

are 57.61 K and 1.66 K (2.50 K, μ∗ = 0.05), respectively.
These values are lower than those of NLS Cu2Si (83.59 K and
4.03 K, see Table I) and those of non-one-atomic-thickness 2D
materials (e.g., the Ca-intercalated bilayer graphene C6CaC6

(4.0 K) [59,60], 2D tetr-Mo2B2 (344.84 K, 3.9 K) [55], 2D
Dirac semimetals AlB6 (4.7 K, μ∗ = 0.05) [23], and 2D
MA2Z4 materials TaSi2N4 (9.7 K, μ∗ = 0.1) [61]. For the
TBBL, the ωlog and Tc are 459.12 K and 0.82 K, comparable
to those of CaC6 (309.9 K and 1.4 K) [62], but higher than
those of tri-Mo2B2 (295.0 K, 0.2 K).

We note that in our above discussions, both the TBML and
TBBL are freestanding. In reality, they grow on a substrate,
leading to certain external strain to the samples. In fact, strain
engineering is widely used to modulate the electronic prop-
erties, EPC constant, and superconductivity of 2D systems,
such as graphene [63], AlB6 [23], and other 2D materials
[29,54,64]. However, as shown in Fig. 4(a), the ZA mode of
the TBML is so soft that applying both tensile and compres-
sive strains will make it much softer, and even negative. In
this regard, the impact of strain on the TBML is not discussed
here. Therefore, strain engineering is only used for TBBL to
investigate its EPC constant and superconductivity, and the
results show in Fig. 6. Firstly, we analyzed the effect of the
biaxial strains on the TBBL. Figure 7 shows the calculated
phonon spectra of TBBL with strains from –1% to 12%.
Among them, there is no imaginary frequency in the whole
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TABLE I. Summary of μ∗, ωlog (in K), λ, and Tc (in K) for the 2D superconductors. The percentage in the bracket behind the compound’s
name is the strain that impose on TBBL. + is used to express the tensile strain.

Comp. μ∗ ωlog λ Tc Ref.

χ3-B 0.1 323.43 0.95 24.7 [54]
β12-B 0.1 384.16 0.89 18.7 [54]
tetr-Mo2B2 0.1 344.84 0.45 3.9 [55]
tri-Mo2B2 0.1 295.00 0.30 0.2 [55]
Cu2Si 0.1 83.59 0.81 4.03 [29]
AlB6 0.05 83.59 0.81 4.03 [23]
TiB4 monolayer 0.1(0.05) 57.61 0.65 1.66(2.50) This paper
TiB4 bilayer 0.1(0.05) 459.12 0.35 0.82(2.98) This paper
TiB4 bilayer (+11%) 0.1(0.05) 223.47 0.65 6.43(9.66) This paper

phonon spectrum of the seven strained structures with a strain
in the range between 0% and 11%. These results indicate that
the TBBL can exist at a tensile strain of 0–11%. The electronic
band structures of the TBBL with the tensile strains of 0–11%
are complied in Fig. 8. We find that the tensile strain of 0–11%
does not change the existence of the nodal-line characteristic
of the TBBL. Therefore, we investigated the EPC constant
and the superconductivity of the TBBL with a tensile strain
of 11% (Fig. 6). As compared with the strain-free case (0%
tensile strain), the highest frequency is obviously reduced to

668 cm−1 and the EPC constant and Tc are however increased
to 0.65 and 6.43 K (9.66 K, μ∗ = 0.05), which is higher than
the boiling point of liquid helium (4.2 K).

D. Thermal stability

For practical applications, it is crucial to evaluate the ther-
mal stability of 2D materials at elevated temperatures. In
Ref. [30], the TBML was theoretically estimated to be able
to stabilize up to a very high temperature of 2500 K. This
fact implies that the TBML owns its outstanding thermal

FIG. 7. The phonon dispersion relationships of TBBL with strain from –1% to 12%. The TBBL with strain –1% and 12% are dynamically
unstable.
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FIG. 8. The electronic band structures of the TBBL with strain ranging from 0%–11%.

stability. Next, we focused on the thermal stability of the
TBBL. In order to simulate the thermal stability of the TBBL,
we performed ab init io molecular dynamics (AIMD) sim-
ulations with a 3 × 3 × 1 TBBL supercell at different
temperatures of 500, 1000, 1500, 2000, 2500, and 3000 K with
a time length of 10 ps. The structures obtained from 10 ps sim-
ulated annealing at each temperature are shown in Fig. 9. The

FIG. 9. Snapshots of the final frame of each ab init io molecular
dynamics simulation from 500 to 3000 K (top and side views) after
10 ps of simulated annealing. Only those bonds within the simulated
supercell are shown.

boron atoms in both the upper layer and lower layer maintain
irregular 4+8 membered boron rings and the Ti atoms in both
upper layer and lower layer almost remain a square-like shape
until the temperature reaches 2500 K. When the temperature
increases further to 3000 K, we found that the TBBL becomes
unstable (see Fig. 9). This theoretical finding is similar to the
TBML [30], revealing that the TBBL exhibits the excellent
thermal stability as well. The high thermal stability will enable
the TBBL to be applied to in both energy storage and Li-ion
batteries anodes.

IV. CONCLUSIONS

In summary, by means of the first-principles calculations,
we have investigated the electronic properties, lattice dynam-
ics, EPC constant, and superconductivity of both TBML and
TBBL. The results reveal that both the TBML and TBBL
are topological nodal-line semimetals, which can be ascribed
to the electronic band inversion between Bpx+py and Bpz for
the TBML and between Tidxz+dyz and Tidz2 for the TBBL.
Moreover, the nodal ring of the TBML is located around the M
point, while the nodal ring of the TBBL is around the � point.
The TBML possesses a higher EPC constant λ = 0.65, which
is mainly contributed by the low-frequency out-of-plane
phonon modes. Both the TBML and TBBL are phonon-
mediated 2D superconductor with Tc = 1.66 K and 0.82 K, re-
spectively. The Tc of TBBL can be increased to 6.43 K by im-
posing a tensile strain of 11% on the TBBL. Both TBML and
TBBL can stabilize up to very high temperature of 2500 K.
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