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Two-dimensional (2D) superconductors have attracted significant research interest due to their promising potential
applications in optoelectronic and microelectronic devices. Herein, we employ first-principles calculations to predicted a
new 2D conventional superconductor, TcyB;, demonstrating its stable structural configuration. Remarkably, under biaxial
strain, the superconducting transition temperature (7¢) of Tc;B, demonstrates a significant enhancement, achieving 19.5 K
under 3% compressive strain and 9.2 K under 11% tensile strain. Our study reveals that strain-induced modifications in
Fermi surface topology significantly enhance the Fermi surface nesting effect, which amplifies electron—phonon coupling
interactions and consequently elevates 7.. Additionally, the presence of the Lifshitz transition results in a more pronounced
rise in 7; under compressive strain compared to tensile strain. These insights offer important theoretical guidance for
designing 2D superconductors with high-7; through strain modulation.
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1. Introduction

Since the exfoliation of graphene from graphite in
2004, researchers have recognized the possibility of syn-
thesizing several atoms of thick two-dimensional (2D) materi-
als. Given the underlying physical phenomena and applica-
tions brought about by their low dimension property,!”! 2D
materials have been studied intensively in almost all fields
of condensed matter physics, such as optoelectronics,>*!
magnetism,! catalysis, batteries,® and superconductivity.
As a result of the rapid development of experimental tech-
niques in the last decade, such as twisting, carrier doping,
chemical doping, and strain, several methods can be utilized
to modulate 2D superconducting materials. Cao Yuan et al.
twisted two graphene layers at a small angle to induce un-
conventional superconductivity in graphene similar to that of
copper oxides.!”! Carrier doping via field-effect transistor gat-
ing enables the easy inducement of Ising superconductivity in
transition-metal dichalcogenides.!®! The adsorption of hydro-
gen atoms to the surface increases the 7. of monolayer MgB,
from 16 K to 65 K.”!

The synthesis and application of 2D materials highly de-
pend on the substrates used. An inevitable lattice mismatch
exists between 2D materials and their substrates, and as a re-
sult, strain constantly exists in 2D materials in practice. There-
fore, compared with other modulation methods, strain modu-
lation is more fundamental for 2D materials. Moreover, strain
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regulation is more mature than other methods in terms of ex-
perimental technique, and numerous methods are available
other than lattice mismatch, such as prestraining and bend-
ing of flexing substrates, heating or cooling and patterning
substrates, and using piezoelectric substrates. Furthermore,
atomic force microscopic tips and bubbles can also induce
strain in 2D materials.!'! Therefore, it is crucial to system-
atically study the modulation mechanism of strain in the su-
perconductivity of 2D materials.

In the study of 2D superconducting materials, relevant
calculations are usually performed under biaxial strain to
Hereafter, all
“strain” mentioned in this study refers to “biaxial strain”.

maintain the symmetry of crystal lattices.

Strain is defined as follows:

=1
€= R

ey

where [y indicates the freestanding lattice constant and / rep-
resents the lattice constant under strain. Thus, a zero strain
means no strain is applied, a negative strain represents com-
pressive strain, and a positive strain represents tensile strain.
Prompted by the successful discovery of MgB,,!!!l the
discovery of new metal borides has been a resounding topic
in the field of conventional superconductors until now.!>~17]
In recent years, studies have theoretically predicted 2D metal
borides that are modulated efficiently by strain. At —2%

strain, the 7. of InBg!'®! and tetr-W;,B,!!! increase from
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4.83 K to 19.23 K and from 7.8 K to 15.94 K, respectively;
at 5% strain, the T; of hydrogen monolayer MgB, shows an
increase from 67 to 100;! at 11% strain, the 7, of AlBg in-
creases from 4.7 K to 30 K;1?% and at —9% strain, the T, of hy-
drogen monolayer Ti B, increases from 48.6 K to 69.4 K.[?!]
Although the effective modulation of strain on superconduc-
tivity has been reported, few studies have systematically in-
vestigated the effect of changes in the Fermi surface topology
under strain on superconductivity.

NaCl-type structure is one of the most common structures
in nature. To the best of our knowledge, only three compounds
have been predicted to have a bilayer NaCl-type structure,
namely, W,B,, 18 Mo,Bs, 22 and Y,S,,23] all of which are
theoretically predicted to facilitate strain-modulated supercon-
ductivity. In this study, the swarm-intelligence-based structure
prediction code (CALYPSO) was used to predict a new bilayer
NaCl-type superconducting material,**?3 Tc,B,, which can
be stabilized between —3% and 11% strains. Such a high sta-
bility indicates the possibility of synthesizing Tc,B, experi-
mentally. Further calculations showed Tc;B, as an intrinsic
phonon-mediated superconductor with a 7. of 2.1 K. Inter-
estingly, the T; increased with strain and reached 19.5 K and
9.2 K at —3% and 11% strains, respectively. This remarkable
enhancement in 7; is primarily attributed to the strengthening
of the Fermi surface nesting (FSN) effect, driven by strain-
induced modifications to the Fermi surface topology. Our find-
ings provide theoretical guidance for the effective modulation
of the superconductivity of conventional superconductors via
strain modulation.

2. Computational methods

Structural optimizations and electron properties were cal-
culated using the Vienna Ab Initio Simulation Package (VASP)
code with projector-augmented wave pseudopotentials. 6]
Perdew—Burke—Ernzerhof generalized gradient approximation
was selected for the exchange—correlation functional.?”] To
describe the possible van der Waals interactions in lay-
ered materials, we used the DFT-D2 method of Grimme

(281 We prevented the nonphysical inter-

in our calculations.
action among adjacent layers by setting the vacuum lay-
ers in all calculations to 20 A. We adopted a cutoff en-
ergy of 800 eV and 0.02 x 27t/A k-mesh density to achieve
10~%-eV energy convergence for all calculations. The prop-
erties related to EPC were calculated using the QUAN-
TUM ESPRESSO code.*®! Electron—ion interactions were de-
scribed using ultrasoft pseudopotentials with a cutoff energy of
80 Ry (1 Ry =13.6056923(12) eV). The self-consistent elec-
tron densities were calculated on a 28 x 28 x 1 k-mesh with a
Gaussian smearing of 0.04 Ry, and the dynamical matrices and
EPC matrix elements were calculated on a 7 x 7 X 1 g-mesh.
We examined the thermal stability of Tc,B, at temperatures of
300 K, 1000 K, 2000 K, and 2100 K by implementing ab initio

molecular dynamics (AIMD) simulations in VASP code. All
simulations lasted 5 ps in a 3 x 3 x 1 supercell, using the NVT
ensemble (canonical ensemble) to maintain a constant number
of particles, volume, and temperature. To balance the calcu-
lation accuracy and calculation time, we considered a cutoff
energy of 600 eV and a 2 x 2 X 1 k-mesh in all AIMD calcula-
tions.

3. Results and discussion
3.1. Structure and stability

The Tc,B) predicted using warm
intelligence-based CALYPSO code, which has been success-
fully used to predict a series of 2D materials with diverse struc-

structure was

tures and chemical compositions.BO] TcyB; has a p4/nmm
layer group, and its structure is shown in Fig. 1. Figure S1
in the supplementary materials displays the cell parameters,
thickness d, intralayer, and interlayer Tc—B bond lengths. The
freestanding case had a cell parameter of 2.99 A, d=248 A,
and intralayer and interlayer Tc—B bond lengths of 2.13 A and
2.23 A, respectively.
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Fig. 1. (a) Side and (b) top views of the monolayer Tc,B, structure.

To verify the energy stability of TcyB,, we calculated its
cohesive energy as follows:

nrcEt. +ngER — E1c,B,
nTc +nB

; (@)

Ecoh =

where nt. and ng refer to the numbers of Tc and B atoms
in a unit cell, respectively, and Etc, Ep, and Ec,p, indi-
cate the total energies of single isolated Tc atom, single iso-
lated B atom, and one-unit-cell monolayer TcyBj, respec-
tively. The cohesive energy (Econ) of TcyBy was 6.84 eV. Fur-
ther, graphene, black phosphorene, and siliene had cohesive
energies of 7.90 eV, 3.70 eV, and 4.04 eV, respectively.31-33]
The higher cohesive energy compared with that observed in
these widely known 2D compounds suggests the high-stability
energy of TcyB; and its potential for experimental synthesis.
According to the Born—Huang criteria, mechanical stabil-
ity should satisfy the positive definite of an elastic modulus
tensor. For 2D crystals, the following equation expresses the
elastic modulus tensor in the standard Voigt notion scheme:

Ch C O
Gy Cn 0 . 3)
0 0 Cgs
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Thus, mechanically stable 2D crystals need to satisfy
C11Cp — C%z > 0 and Cgs > 0. Owing to the p4/nmm sym-
metry of TcoB, Cj; = Cp. Hence, TcyB; only needed to sat-
isfy C11 > |C12| and Cgg > 0. To guarantee the accuracy of our
results, we adopted a 2 x 2 x 1 supercell and a 12 x 12 x 1
k-point mesh in the Brillouin zone during elastic modulus
calculation. We obtained the following: Cj; = 231.71 N/m,
Cip = 96.35 N/m, and Cgg = 149.78 N/m. Based on these
results, we can conclude that the monolayer Tc,B; is mechan-
ically stable.

To further discuss the stability of TcyB, under strain, we
calculated the phonon dispersion curves at —4% to 12% strains
(Figs. 3(a)-3(c), S4, and S5). The absence of imaginary fre-
quency in the phonons under —3% to 11% strains indicate the
dynamic stability of TcyB, at this strain interval. Moreover,
the stress—strain curve in Fig. S3 shows no downward trend
and illustrates the mechanical stability of Tc,B, at —3% to
11% strain intervals.

In addition, we examined the thermal stability of Tc,B,
at different temperatures via AIMD simulations. Figure S2
displays the snapshots, which reveal that Tc,B; can retain a
stable structure below 2100 K.

3.2. Phonon spectrum and isotropic superconductivity

Figure 2 displays the curves of T, electron—phonon cou-
pling strength A, and logarithmic average frequency @, as
functions of strain, where T; is calculated using the Allen—
Dynes-modified McMillan equation with u* = 0.1 (the equa-
tions for calculating T¢, A, and @y, are provided in the supple-
mentary materials). The superconducting parameter of Tc, B,
changed considerably under strain. For the freestanding case,
the T, was only 2.1 K, owing to a small A of 0.44. The T,
changed slowly under 0%—5% strains and accelerated from
~ 6% strain. As the strain increased to the limit strain of 11%,
T. increased to 9.2 K, with A = 0.94 and @y, = 146.0 K. A
—3% strain was applied, which caused an abnormally rapid

increase in the T, from 2.1 K to 19.5 K, with A = 1.43 and
g = 176.0 K. In the whole strain range, the A and T; curve
showed the same U-shaped variation trend, whereas the varia-
tion trend of @z Was an inverted U shape, which indicated
that the superconductivity of Tc,B, was dominated by the
EPC strength. Therefore, the discussion in this study focuses
on determining the physical essence of the enhancement in the
EPC.

Based on the EPC-weighted phonon spectrums in
Figs. 3(a)-3(c) and S4, several softening modes were observed
in the acoustic branches under strain due to the improvement
in the EPCs. At 3% strain, the softened phonons were almost
imperceptible, and at 6% strain, acoustic branches near the X
point softened. These modes softened further at 9% and 11%
strains, which is consistent with the variation trend of A in
Fig. 2. At —3% strain, the acoustic branches softened along
the I'-M, M—X, and X-I" paths, and the centers of these soft-
ening modes were roughly located at (2/3, 2/3), (1/3, 0), and
(0, 2/3), respectively.

201"y (a)
o 16

S -
4 " -

0
1.5
(b)

~< 1.0

—4 =2 0 2 4 6 8 10 12
Strain € (%)

Fig. 2. (a) Curves of T, (b) electron—phonon coupling strength A,
(c) logarithmic average frequency @, as functions of strain.
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Fig. 3. Phonon spectrums weighted by EPC A, (see Eq. (S3)) at (a) 0%, (b) —3%, and (c) 11% strains. Phonon spectrums weighted by the
eigenvector modules of atom vibration modes at (d) 0%, (e) —3%, and (g) 11% strains.
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Figures 3(d)-3(g) display the phonon spectrums weighted
by the eigenvector modules of atom vibration modes at 0%,
—3%, and 11% strains, which reflect the distribution of atomic
vibration modes on phonon spectrums. For the freestand-
ing case, the vibration modes of Tc atoms (in-plane mode
Tc,y and out-of-plane mode Tc;) primarily populated the low-
frequency region (below 8 THz). The out-of-plane modes
of B atom B; and in-plane modes of B atom B,, dominated
the middle- (10 THz-12 THz) and high-frequency regions
(16 THz-22 THz), respectively. As displayed in Fig. S1, un-
der compressive strain, the cell parameter decreased, and d
increased, which further strengthened the overlap of atomic
orbitals along the in-plane direction and weakened them along
the out-of-plane direction. Thus, compressive strain strength-
ened the in-plane interactions and weakened the out-of-plane
interactions among atoms. At —3% strain, this mechanism led
to the appearance of the B, mode in the low-frequency acous-
tic branches, where the softening modes were located. On the
contrary, at 11% strain, the increase in cell parameters weak-
ened the in-plane interactions and reduced the frequency of the
Tc,y mode. The Tc,, mode almost single-handedly populated
the low-frequency acoustic branches and contributed consid-
erably to the total EPC.

3.3. Electron structure

Further, we calculated the electric energy bands at 0%,
—3%, and 11% strains (Fig. 4). The positions of energy bands
relative to the Fermi level changed visibly under strain due
to electron transfer among various energy bands. Electron
transfer occurred primarily among energy bands «, 3, and
Y, which were distinguished by blue, orange, and green col-
At 11% strain, the
B band gained a number of electrons from the ¢ band and

ors along the I'-M path, respectively.
went down to a deeper position. The o band almost no
longer had electrons populating below the Fermi level. Un-
der —3% strain, the o and B bands, especially the a band,
gained electrons and moved down. Remarkably, the ¥ band
lost electrons to form a new hole pocket at the Fermi level,
and the Lifshitz transition occurred. Lifshitz transition refers
to the change in Fermi surface connectivity without a broken
symmetry;3* this phenomenon can be induced by external
parameters that exhibit continuous alterations, such as exter-
nal electric/magnetic fields, doping, strain, or pressure.3>-3¢!
Lifshitz transitions usually induce abrupt changes in material

properties as well as in TcyB,.

S

r M X r r

X r °r M X T

Fig. 4. Electric energy bands at (a) 0%, (b) —3%, and (c) 11% strains. Bands o, f3, and 7y are distinguished by blue, orange, and green lines,

respectively. The Fermi levels of all energy bands were set to 0.
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Fig. 5. Electric energy bands projected by (a) px plus p, (green) and p, (gold) orbitals of B, (b) d,, (orange) orbital of Tc, (c) dy, (red) orbital
of Tc, (d) d_> (dark cyan) orbital of Tc, (¢) d, (orange) orbital of Tc, and (f) d 2 2 (orange) orbital of Tc.
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The overlap of atomic orbitals can be used to analyze the
electron transfer among energy bands under strain. 3’ Hence,
we first determined the atom orbital populations of each band.
Figure 5 shows the electric energy bands projected by various
atom orbitals at 0% strain. As shown in Fig. 5, the & band was
mainly populated by the p, and p,, orbitals of B and d,y, dy.,
and d,; orbitals of Tc. The S band was mainly populated by
the p, and p, orbitals of B and dy., dy;, and d»_» orbitals of
Tc. The y band was mainly populated by the p, orbital of B
and d > orbital of Tc. The atomic orbital and atomic space oc-
cupation are displayed in Fig. 1 using the same Cartesian coor-
dinates. Based on the spatial orientation of atomic orbitals, we
divided the orbital of Tcy B into three categories: (i) in-plane
orbitals: py, py, dyy, and d,2_2; (ii) out-of-plane orbitals: p;
and d2; and (iii) dy; and dy, orbitals with in-plane and out-of-
plane characteristics. Therefore, the majority of electrons in
the a and 8 bands were contributed by in-plane orbitals, and
most of the electrons in the y band were contributed by out-
of-plane orbitals. Compressive strain strengthened the overlap
of in-plane orbitals and weakened the overlap of out-of-plane
orbitals. The weakened overlap destabilized the y band, and
as a result, some electrons were transferred from the y band to
the o and 3 bands, which induced the Lifshitz transition.

3.4. Fermi surface nesting function and Fermi surface

To explore the causes of the EPC improvement of acous-
tic branch phonons, we used the ELK code to calculate the
FSN functions (Fig. 6). The FSN function is defined as fol-
lows:

E(q)=— Y 8(Eri—Er)8 (Exyiq,;— Er), “4)

k.i,j

where i and j denote the indices of different bands, Ey, 4 refers
to the Kohn—Sham eigenvalue, Ef represents the Fermi energy,
q represents the FSN vector, and N is the total number of k
points in the first Brillouin zone. The value of £ describes
the probability that electrons k and k' on the Fermi surface
are nested by q. A special case that needs to be emphasized
is that all FSN functions have their largest value at I" point.
However, & (I') represents the Fermi surface nest with itself,
which possesses no physical meaning. Based on Eq. (S3), the
FSN function & (q) is positively correlated with EPC A4, and
plays a crucial role in determining the value of A4y.

Based on the FSN function diagrams (Figs. 6(c) and 6(¢e))
under tensile strain, the FSN near point X gradually strength-
ened with the increase in strain, which is consistent with the
increasing EPC of the phonon modes near the X point. The
FSN function diagram at —3% strain in Fig. 6(b) shows two
evident nonequivalent nestings strengthening, whose centers
were approximately located at (2/3, 2/3) and (0, 2/3), which is
consistent with the softening modes along the I'-M and X-I"
paths.

-Max (a) X M

%

Fig. 6. FSN functions in the first Brillouin zone at (a) 0%, (b) —3%, (c) 6%,
(d) 9%, and (e) 11% strains.

() X M
GO e
{ c piece
8 )@ d piece
r e piece
f piece
( ;; 7 g piece
© X M D X M
SRS B<E DK
V) N

Fig. 7. Fermi surfaces at (a) 0%, (b) —3%, (c) 6%, (d) 9%, and (e) 11%
strains. The blue arrows represent FSN vectors.

The definition of FSN & (q) (Eq. (4)) shows that the FSN
function is closely related to the Fermi surface topology. The
FSN vector g can be identified directly from the Fermi sur-
face. Fermi surface diagrams are shown in Fig. 7, letters a—f
mark the six pieces of the Fermi surface from the center to the
edge of the first Brillouin zone. The FSN effect under tensile
strain involves two pieces of Fermi surface, namely, pieces b
and e. The curvature of piece b along I'-M decreased, and its
circumference expanded with the increase in strain. In addi-
tion, the shape of piece b changed from a circle to a curved
square. The shape of piece e can be approximated as a trian-
gle with the top corner cut off, and the curvature of its bottom
edge increased with increasing strain. In summary, given the
co-deformation of pieces b and e, more parallel parts were ob-
served between them, which means that the value of & (g.)
gradually increased. The g, vector exhibited a similar forma-
tion mechanism (Fig. 7(b)) to q.. At —3% strain, the adhesion
area between piece b and the four-pointed star-shaped piece ¢
increased, and piece e was nested by vector q,». The FSN vec-
tor, g, induced the FSN near the (0, 2/3) point. The Lifshitz
transition caused the appearance of four curved triangular hole
pockets on the Fermi surface, which were denoted as piece g.
The g piece nested pieces a and b with FSN vectors g,; and
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q.,. respectively. As vector g, and ¢/,; had the same direc-
tion, and their lengths were similar, they collectively induced
the FSN near the (2/3, 2/3) point. Our discussion of FSN vec-
tors will be further validated in the calculation of anisotropic
superconductivity.

3.5. Anisotropic superconductivity

Given the anisotropy characteristics of 2D materials, we
also calculated 7; using the anisotropic Migdal-Eliashberg
theory based on the electron—phonon Wannier—Fourier inter-
polation in EPW.[331 A 100 x 100 x 1 g-mesh and 200 x
200 x 1 k-mesh were adopted to solve the Migdal-Eliashberg
equations. To validate the accuracy of Wannier interpolation,
figure S6 compares the energy bands calculated in both Bloch
and Wannier representations under varying strains. Within the
energy range of —2 eV to 2 eV, it is evident that the energy
bands derived from the two representations are almost identi-

cal.
(a) 8
a8 4 3
6
3 FF
E 4
2
< 2 F
OI Illllllllltl

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Temperature (K)

o 12 O (©)
% 0.8 % 3

£ E F

2 0.4 - F
T o T o F

1 2 3 45 6
Temperature (K)

6 8 101214 16 18
Temperature (K)

Fig. 8. Energy distribution of the superconducting energy gap, Ak, as a
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Fig. 9. Momentum-resolved EPC A, at (a) 0%, (b) —3%, and (c) 11% strains.
Momentum-resolved superconducting gap A, (meV) at (d) 0%, (e) —3%,
and (f) 11% strains. At 0% strain, the A, was calculated at 2 K. At —3%,
and 11% strains, the A, were calculated at 5 K.

Figure 8 shows the energy distribution of the supercon-
ducting energy gap A,k as a function of temperature at various
strains. At 0%, —3%, and 11% strains, the superconducting
energy gap decayed to 0 at 4 K, 32 K, and 16 K, respectively.
To verify the robustness of our discussion on FSN vectors
in the chapter on FSN and Fermi surface, we calculated the
momentum-resolved EPC A, and superconducting gap Ak
(Fig. 9). Compared with the 0% strain case, at —3% strain, the
Ank and Ay of piece a increased by g1, the A, and A, of
piece b increased by ‘1;1’ and the A, and A, of pieces ¢ and
e increased by g2, at 11% strain, the A, and A, of pieces
b and e increased by q.. These A, and A, increases further
prove that the FSN effect contributed greatly to the enhance-
ment of EPC and T; of TcyB, under strain.

4. Conclusion

We predicted a new 2D superconducting material, TcyBo,
which can be stabilized between —3% and 11% strains. The
high cohesiveness, dynamic lattice, and mechanical and ther-
mal stability of Tc,B, indicate its potential to be synthe-
sized experimentally. The results of isotropic superconduc-
tivity calculations revealed that the 7; of TcyB, was 2.1 K
for the freestanding case; however, it increased rapidly un-
der strain. At —3% and 11% strains, the T, reached 19.5 K
and 9.2 K, respectively. Our study demonstrated that the 7
of Tcy,B, was dominated by EPC. The strengthening of the
FSN effect, which was induced by modifications of the Fermi
surface topology, greatly improved EPC under strain. Espe-
cially, the emergence of the Lifshitz transition significantly
accelerated this process, resulting in a markedly faster en-
hancement of 7. under compressive strain compared to that
under tensile strain. Our analysis of the Fermi surface topol-
ogy effectively explained the 7; variation trend of TcyBy with
strain and unveiled a microscopic mechanism underlying the
strain-modulated conventional superconductivity in 2D mate-
rials. This study provides important guidance for the applica-
tion of strain modulation in 2D conventional superconducting
materials. Moreover, our work highlights the importance for
researchers to not only focus on materials with intrinsic high-
T., but also those with initially low-7; that may achieve sig-
nificant enhancements under strain modulation, especially in
systems exhibiting Lifshitz transitions.
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