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ABSTRACT: In order to search for optimal one-dimensional (1D) superconductors with a
high transition temperature (T,), we performed high-throughput computation on the phonon
dispersion, electron—phonon coupling (EPC), and superconducting properties of (5,0),
(3,3), and element-doped (3,3) carbon nanotubes (CNTs) based on first-principles
calculations. We find that the CNT (5,0) is superconductive with T of 7.9 K, while the (3,3)
CNT has no superconductivity. However, by high-throughput screening of about S50
elements in the periodic table, we identified that 14 elemental dopants can make the (3,3)

CNT dynamically stable and superconducting. The high T. ~ 28 K suggests that the Si- |[5j= D TR ———
doped (3,3) CNT is an excellent one-dimensional (1D) superconductor. In addition, the Al-, [iil5

Na

In-, and La-doped (3,3) CNTs are also great 1D superconductor candidates with a T, of |19 a[iyz B8] 2425 6] o728 9]0

K |CalSc|Ti V

about 18, 17, and 29 K, respectively. These results may inspire the synthesis and discovery of  [37ss{aaoaria, T, T, T ;| |50

optimal high-T, 1D superconductors experimentally. SR 55 76|77 78] 9 50

Atomic

he discovery of copper oxides' and iron-based” (4,2)).* In 2001, Tang et al."® reported that zeolite-inserted 4

unconventional superconductors has attracted tremen- A SWCNTs possess superconductivity with T, ~ 15 K.
dous attention in the past few decades, thanks to their high However, the type of tube plays a crucial role in the
superconducting transition temperature T, and great potential superconducting behavior, and the influence of the zeolite
for quantum technological applications. Although considerable template remains unclear. Theoretical studies have also
superconducting materials have been discovered, investigations investigated the electronic structures and the associated EPC
focusing on one-dimensional (1D) superconductors are still for various 4 A SWCNTs.2>*>?°731 The (42) CNT is
rare. In recent years, a series of CrAs-based and Mo-based semiconducting with a small indirect band gap of ~0.2 ev.2®
ternary superconductors with quasi-one-dimensional (Q1D) The (3,3) CNT undergoes a Peierls transition with a high
structures have been studied, including ACr;As; and A;,Cr;As, critical temperature (>240 K), thereby inhibiting its super-

(A = Na, K, Rb, Cs),"™" A,MogSes (A = Tl In),” and conductivity.”® The superconductivity of (5,0) CNT remains
AMosAs; (A = K, Cs, Rb)."7"" Among these QID controversial, and different methods or models lead to distinct
su}l)lerconductors, CSZMO?A% possesses the highest T of 11.5 results. Connetable et al.”’ reported that (5,0) CNT undergoes
K. Other (%D hanowire sulfgrlgonductors such as TfléZPdSS a Peierls transition above room temperature indicating no
(T.=33 K)’ ASn (T~ 4K), ™" and Al (T, < 1.6 K) * have superconductivity, while Barnett et al.”* and Iyakutti et al.”’
also been identified. However, these Q1D superconductors are reported that it is superconducting with T, of around 1 and

actually bulk geometries with 1D atomic chains inside, not real 22.7 K, respectively. With the continuous development of first-

IDOStr?;turf}sl' hand. carb tubes (CNTs) as ideal 1D principles methods and computer technologies, some high-T,
1 tae other hand, carbon nanotubes 5) as 1ded superconductors, such as H,;S*”> and LaH,,” have been

materials have attracted tremendous attention since their . L

. : 17 : . . successfully predicted recently. Therefore, it is of great

discovery in 1991."" Researchers have paid attention to their o o . -
significance to use first-principles methods to investigate

potential superconductivity, with reports of experimental ot
observations of superconductivity with a T. ~ 15 K in 4 A further the superconductivity of 4 A SWCNTs.

single-walled CNTs (SWCNTs),"® T. ~ 0.55 K in ropes of
SWCNTs,” and T, ~ 12 K in the multiwalled CNTSs Received: June 22, 2021

(MWCNTs).* While these studies are still under debate, there Accepted: July 11, 2021
Published: July 13, 2021

are an increasing number of studies focusing on super-
conductivity in CNTs.”'~>° The 4 A SWCNTs were
synthesized in the channels of porous zeolite crystals,”*’”
which include three types of tubes (e.g, (5,0), (3,3), and
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Figure 1. (a) Optimized structures and (b) ELF of (5,0), (3,3), and Si-doped (3,3) CNTs. The C and Si atoms are marked in brown and blue,
respectively. (c) Differential charge density for the Si-doped (3,3) CNT. The yellow and cyan areas represent electron gains and losses. (d)
Optimized supercell of Si-doped (3,3) CNT as well as the Si—Si bond length (A). (&) Orbital-resolved band structures as well as the total and the

partial EDOS of (5,0), (3,3), and Si-doped (3,3) CNTs.

In order to explore 1D superconductors with a high T, we
consider whether element doping could tune the super-
conducting properties of CNTs. It is well-known that
superconductivity is enhanced in graphite intercalated
compounds (GICs)** and alkali-intercalated graphene.***°
Examples include C4Yb and C4Ca with T, of 6.5 and 11.5 K,
respectiveléy,34 and Ca-intercalated bilayer”> and multilayer
graphene®® with T. of 4 and 7 K, respectively. Besides,
Haruyama et al.>”*" fabricated thin films of boron-doped
CNTs and found that they possess superconductivity with the
T. of 6 K, which can be increased up to 19 K by applying a
small pressure. Lee et al.”’ reported a large enhancement in
conductivity by doping K and Br in ropes of SWCNTs.
Bohnen et al.*’ predicted that T, can be enhanced for (3,3)
CNTs by intercalating Li to the nanotube-zeolite complex.

In this letter, in order to search for excellent 1D
superconductors with high T, we performed high-throughput
computation on the superconductivity of element-doped (5,0)
and (3,3) CNTs based on first-principles calculations. Our
results show that many elements can be intercalated in (3,3)
CNTs to form dynamically stable atomic wires. Elemental
doping significantly suppresses the Peierls transition and leads
to superconductivity in doped (3,3) CNT. In particular, upon
the basis of the BCS theory,*' we find that the Si-doped CNT
possesses superconductivity with a high T, of ~28 K by
analytically solving the McMillan—Allen—Dynes formula,**~**
indicating that it is an excellent 1D superconductor.

We begin with a discussion of structural information on the
pristine (5,0), the pristine (3,3), and the Si-doped (3,3) CNTs
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(see Figure la). The diameter and the length of the
translational vector along the tube axis (LTA) are calculated
to be 4.10 and 4.25 A for the pristine (5,0) CNT and 4.21 and
2.46 A for the pristine (3,3) CNT, respectively, which are very
consistent with previous DFT results.”® We have studied the
dynamic stability of (5,0) CNT doped with a range of ~50
elements in the periodic table and found that almost all of
them are unstable. However, the (3,3) CNT maintains a good
dynamic stability with various elements intercalated. Thus, we
mainly focus on the element-doped (3,3) CNTs. When Si
atoms are doped into the (3,3) CNT, the diameter and the
LTA increase to 4.39 and 2.48 A, respectively. The doped Si
atoms form a 1D chain structure with the Si—Si bond length of
2.48 A along the axis of the CNT. In order to obtain a more
accurate Si—Si bond length, we have considered the 20 X 1 X 1
supercell of (3,3) CNT inserted with a free-ended chain of 18
Si atoms, as shown in the red bracket of Figure 1d. The average
length of these Si—Si bonds is 2.47 A, which is very close to the
LTA (2.48 A), indicating it is reasonable to use the unit cell
structure to investigate the superconductivity of the Si-doped
(3,3) CNT.

In order to study bonding properties of the Si-doped (3,3)
CNT, we have performed analyses on the electron localization
function (ELF)*® (see Figure 1b), Bader charge,** and
differential charge density (see Figure 1c). Results indicate
that strong C—C and C—Si covalent bonds are formed in the
Si-doped (3,3) CNT. Detailed discussions are in the
Supporting Information (SI). Recently Liu et al.”” investigated
the energetics of intercalating Li atoms into the (5,0), (3,3),

https://doi.org/10.1021/acs.jpclett.1c02000
J. Phys. Chem. Lett. 2021, 12, 6667—6675


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02000/suppl_file/jz1c02000_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02000?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02000?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02000?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02000?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c02000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
Min Max — M)
(a) o C, o C (b) mm—===——m (¢) PhDOS (d) l o*F(o)
C T
1600 | ]I ] .
1400 B
£ 1200
<
> 1000 )
Z >
§ 800 =S
&
g 600
= 400
200
0 1
00 05 1.0
Min Max — Mo)
(© °© C, o C () = (g) PhDOS (h) P o*F(0)

Frequency (cm™)

B C |

r X T X r 0.0 02 04
. ) .. Mi M M)
@ o c, o o si, o si () L:-:-ax (k) PhDOS () I o*F(0)

1400
1200 B
1000
800
600

Frequency (cm™)

X

X

r 0.0 0.5 1.0 1.5

Figure 2. Phonon dispersions weighted by the motion modes of C and Si atoms of (a) the pristine (5,0), (e) the pristine (3,3), and (i) the Si-
doped (3,3) CNTs. The purple, orange, green, and red colors represent C,, C,,, Si,, and Si,, modes, respectively. Phonon dispersions weighted by

the magnitude of EPC 4,

of (b) the pristine (5,0), (f) the pristine (3,3), and (j) the Si-doped (3,3) CNTs. PhDOS, Eliashberg spectral function

a*F(w), and cumulative frequency-dependent on EPC constant A(w) of (c—d) the pristine (5,0), (g—h) the pristine (3,3), and (k—1) the Si-doped

(3,3) CNTs.

and (4,2) CNTs and found that it is possible for Li atoms
doping into these 4 A CNTs. In order to investigate the
stability of the Si-doped (3,3) CNT, we have calculated the

formation energy according to the following formula:

Es@cnt — Eont — Es
N,

atom

E form —

(1)

where Egpont) Ecnt and Eg; represent the total energies of the
Si-doped (3,3) CNT, the pristine (3,3) CNT, and the isolated
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Si atom, respectively, and N, denotes the total number of
atoms of the Si-doped (3,3) CNT. The formation energy of
the Si-doped (3,3) CNT is 11.6 meV/atom, much smaller than
the total energy difference between diamond and graphite (27
meV/atom).* It is known that the material synthesized
experimentally is not limited to the one with the global
minimum energy.49 Once formed, the Si-doped (3,3) CNT is
structurally stable since segregation of Si atoms is blocked by a
high energy barrier >2.0 eV thanks to the strong covalent

https://doi.org/10.1021/acs.jpclett.1c02000
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bonds between Si and C atoms. In addition, we have also
investigated the dynamical stability of the Si-doped (3,3) CNT
by calculating the phonon dispersion. No imaginary modes
appearing in the Brillouin zone (BZ) confirms that the (3,3)
CNT maintains good dynamical stability after Si doping. A
detailed discussion on the phonon dispersion will be supplied
later. The ab initio molecular dynamics (AIMD) simulations
show that the Si-doped (3,3) CNT can maintain its original
configuration with only slight deformations at temperatures up
to 900 K, indicating excellent thermal stability (see Figures S1
and S2 of the Supporting Information). Detailed discussions
are in the Supporting Information.

Figure le shows the orbital-resolved band structures as well
as the electronic density of states (EDOS) of these three
CNTs. Previous results show that both pristine (5,0) and (3,3)
CNTs exhibit metallic characteristics.””"” For the pristine
(5,0) CNT, there are two bands crossing the Fermi level.
These two bands are almost flat near the Fermi level, resulting
in a very large EDOS at the Fermi surface, which makes
superconductivity possible. However, for the pristine (3,3)
CNT, there are two bands forming a Dirac cone (labeled as
DC1) at the Fermi level, similar to previous calculations.””***”
The EDOS at the Fermi level is relatively small. In a previous
study,”” Liu et al. found that Li doping can increase the EDOS
at the Fermi level of the (3,3) CNT. In this study, the bands
move toward the lower energies in general after Si doping in
the (3,3) CNT. The flat band around the I point moves from
1.1 to 0.3 eV, which is close to the Fermi level. The Dirac cone
above the Fermi level (labeled as DC2) moved below the
Fermi level, resulting in an extra band crossing the Fermi level.
In addition, a new band crossing the Fermi level is formed near
the X point, which is dominated by the Si-p orbitals. Because
of the insertion of silicon atoms, the EDOS of the Fermi level
is greatly increased, which will facilitate the superconductivity
in the Si-doped (3,3) CNT.

To explore the possible superconductivity induced by EPC
in the pristine (5,0), the pristine (3,3), and the Si-doped (3,3)
CNTs, we have calculated the phonon dispersions, the phonon
density of states (PhDOS), the Eliashberg electron—phonon
spectral function @*F(w), and the cumulative frequency-
dependent on EPC constant A(w). As shown in Figure 2ae,
no imaginary phonon modes in the phonon dispersions
indicates that both the pristine (5,0) and the pristine (3,3)
CNTs are dynamically stable. For the tube (5,0), the low-
frequency phonons (50—400 cm™") around the I point have a
large contribution to the EPC A, (see Figure 2b). In 1D
systems, EPC often leads to the occurrence of Peierls
transition, which can suppress superconductivity.’’ Barnett et
al.*” have investigated the Peierls transition of the (5,0) CNT
with the Coulomb interaction and found that the Peierls
transition is suppressed at a very low temperature, while the
superconductivity becomes dominant at about 1 K. However,
for the (3,3) CNT, several works reported that it undergoes a
Peierls transition at a high temperature resulting from the
phonon anomalies in certain phonon branches near g =
2kp.””*® The Peierls transition might compete with the
superconductivity. As shown in Figure 2e, we also find
softened phonon modes in the range of 300—400 cm™" around
the X point, which is similar to previous results.”””" These
softened phonon modes, mainly associated with the radial C,,
vibrations, contribute more to EPC A, than other phonon
modes (see Figure 2f).
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Doping can not only change the electronic nature but also
alter the phonon properties. Figure 2i shows that the phonon
dispersion of the Si-doped (3,3) CNT has no imaginary
phonon modes, indicating that the (3,3) CNT is dynamically
stable after Si doping. Interestingly, several phonon branches of
the Si-doped (3,3) CNT show the lower frequency in
comparison with the pristine (3,3) CNT. The softened
acoustic phonon branch with the second lowest frequency
(~300 cm™) at the X point is mainly composed of axial Si,
vibrations. As shown in Figure 2j, this softened phonon branch
has a large contribution to EPC 4, indicating that Si doping
can significantly enhance the EPC and improve the super-
conductivity of the (3,3) CNT.

The phonon density of states (PhDOS) are displayed in
Figure 2c,gk for the pristine (5,0), the pristine (3,3), and the
Si-doped (3,3) CNTs, respectively. Figure 2k shows two
regions of the PhDOS for the Si-doped (3,3) CNT: (I) 0—320
cm™" and (II) above 320 cm™. In region I, both Si and C
atoms play an important role since the acoustic phonon
branches are composed of collective lattice modes of all atoms.
In Region II, the spectral weight is primarily attributed as the
vibrations of C atoms, due to the smaller atomic mass of C
atoms than Si atoms. The calculated a*F(w) and the EPC
A(w) are displayed in Figure 2d,h, for the pristine (5,0), the
pristine (3,3), and the Si-doped (3,3) CNTs, respectively.
Many peaks appear from the low-frequency to the high-
frequency regions of the a*F(w), for these pristine and Si-
doped CNTs. Our calculated EPC constant 4 for the pristine
(5,0) CNT is 0.64, which is comparable with the previous
value (0.57).”° As shown in Figure 2d, there are two main
frequency regions that have a great contribution to the EPC
constant A. The low-frequency phonon modes contribute 0.30
(47%) of the total EPC (4 = 0.64) below 150 cm™’, and 0.25
(39%) between 300 and 400 cm ™. For the pristine (3,3) CNT,
the calculated EPC 4 is very small (4 = 0.22). Because of Si
doping, the EPC becomes stronger, and the total EPC 1
increases to 1.01 from 0.22. As shown in Figure 2, the low-
frequency phonon modes below 300 cm™, mainly associated
with Si, and Si,, vibrations, contribute 0.59 (58%) of the total
EPC (1 1.01). The phonon modes above 300 cm™,
primarily associated with C, and C,, vibrations, contribute 0.42
(42%) of the total EPC. Such behaviors have been found in
many two-dimensional (2D) materials, such as 2D boron™ and
MBg; monolayers,” where the most significant contribution to
the EPC comes from the low-energy phonon modes.

The calculated T, of about 0.05 K means that the pristine
(3,3) CNT has almost no superconductivity, which is
consistent with many previous theoretical results.””*° Our
calculations show that the pristine (5,0) CNT is super-
conducting with T, = 7.9 K. In the previous theoretical work,
Tyakutti et al*® reported that the (5,0) CNT has super-
conductivity with T, = 22.7 K. The higher T value is due to
the use of the empirical value of the Debye temperature 0, =
1400 K, which might be overestimated.’” Interestingly, the T
of the Si-doped (3,3) CNT reaches 28.0 K, much larger than
that of the (5,0) tube (7.9 K), indicating that elemental doping
can significantly improve the T.. The influence of effective
screened Coulomb repulsion p* on the T, of these three CNTs
are discussed in the Supporting Information (see Figure S3).

In order to evaluate the superconductivity of the Si-doped
(3,3) CNT, we compare its EPC constant 4 and T with those
of other widely studied superconductors. The T, of the Si-

C

doped (3,3) CNT is not only higher than those of

https://doi.org/10.1021/acs.jpclett.1c02000
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experimentally reported CNTs, including zeolite-inserted 4 A
SWCNTs (15 K)," ropes of SWCNTs (0.55 K),"” and end-
bonded MWCNTs (12 K),”” but also higher than many Q1D
superconductors, such as Cs,Mo;As; (T, = 11.5 K),"" Ta,PdS;
(T, = 33 K),"”* Sn (T. ~ 4 K),"*" and Al (T, < 1.6 K)."°
Besides, it is also higher than those of experimentally reported
GICs***>** and alkali-intercalated graphene,”*™” including
GIC YbCy (6.5 K),** GIC CaC4 (11.5 K),** Li-decorated
graphene (5.9 K),>> Ca-intercalated bilayer (4 K),> and
multilayer (7 K)*° graphene. The calculated EPC constant (4
= 1.01) of the Si-doped (3,3) CNT is larger than those of
GICs*>** and alkali-intercalated graphene®*>**” (0.33 < 1 <
0.83), which is responsible for its large T.. On the basis of the
above analysis, the Si-doped (3,3) CNT is an excellent 1D
superconductor.

In order to study further the EPC and the superconductivity
of doped (3,3) CNTs, we have tested about ~50 elements
from the periodic table of elements as the dopant, as shown in
Figure 3a. High-throughput computation is performed for the
structural properties, EPC, and superconducting properties of
the (3,3) CNT doped with these elements. The colored areas
represent the corresponding results with all the dopants we
have calculated. The orange area indicates that the (3,3) CNT
is dynamically stable and superconducting after doping.
Therefore, we focus on the 14 elements, including Li, Na,
Mg, Al Si, K, Ca, S, Ge, Y, In, Sn, La, and Pb. The AIMD
simulations show that these element-doped (3,3) CNTs
possess excellent thermal stability except In-, Sn-, La-, and
Pb-doped (3,3) CNTs. Detailed discussions are in the
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Supporting Information (see Figure S4). After the doping
with these elements, the LTA and the diameter of the (3,3)
CNT increase and have approximately a positive correlation
with the radius of the doped atoms (see Figure 3b). The
superconducting parameters of N(Eg), @y, EPC constant 4,
and T (K) for these element-doped (3,3) CNTs are presented
in Figure 3c. The N(Eg) increases significantly with dopants,
indicating that doping increases the occupation of EDOS at the
Fermi level. The large N(Ep) value is helpful to the
superconductivity of materials.’’ In addition, doping greatly
improves the EPC constant A of the (3,3) CNT. The
calculated EPC constant A is in the range of 0.34—1.01,
which is much larger than that of the pristine (3,3) CNT (4 =
0.22). However, the calculated @), does not show an obvious
increase after doping, and it even decreases for some elements.
According to eq 7, T. is related to both @), and EPC constant
A. We find that the (3,3) CNTs doped with Al, Si, In, and La,
whose EPC constant 4 are relatively large, possess a larger T,
(16.7—29.6 K) in comparison with other dopants. Figures S5—
S7 show the phonon dispersion, the PhDOS, the a’F(w), and
the EPC constant A(w) of the Al-, In-, and La-doped (3,3)
CNTs, respectively. Besides, the T, of these 14 element-doped
(3,3) CNTs using various effective screened Coulomb
repulsion p* (0.05—0.15) is presented in Figure S8 of the
Supporting Information. In general, doping suppresses the
Peierls transition and leads to the superconductivity in the
(3,3) CNT.

In summary, we have investigated the EPC and the
superconducting properties of the pristine and the doped
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CNTs based on high-throughput first-principles calculations
with the purpose of searching for optimal 1D superconductors
with high T. Results show that the pristine (5,0) CNT is
superconducting with T, = 7.9 K, while the pristine (3,3) CNT
has almost no superconductivity. However, the (3,3) CNTs
doped with a set of 14 elements are dynamically stable and
superconducting. In particular, the Si-doped (3,3) CNT does
not show the imaginary phonon modes in the entire BZ.
AIMD simulations show that the atomic geometry remains
intact up to about 900 K, indicating the excellent thermal
stability. Because of Si doping, the EDOS at the Fermi level is
greatly increased, which is beneficial for the emergence of
superconductivity. The corresponding T is determined to be
~28 K through the McMillan—Allen—Dynes formula, which is
higher than those of other low-dimensional carbon-based
superconductors, such as GICs, alkali-intercalated graphene,
and Cs,Mo;As; Q1D superconductors, suggesting that the Si-
doped (3,3) CNT is an excellent 1D superconductor. In
addition, the Al In-, and La-doped (3,3) CNTs are also
excellent 1D superconductor candidates with high T of about
18, 17, and 29 K, respectively. These results would inspire
further explorations to discover and synthesize optimized 1D
superconductors in the laboratory soon.

B COMPUTATIONAL METHODS

The structural optimization, AIMD simulations, and charge
density calculations are performed within the framework of
density functional theory (DFT), based on Vienna Ab initio
Simulation Package (VASP).>® The supercell of CNTs with
periodic boundary condition along the x-axis adopts a vacuum
layer exceeding 1S A along the y and z directions. The
projector augmented wave (PAW) method® and Perdew—
Burke—Ernzerhof (PBE) exchange-correlation functional® are
employed, with a plane-wave cutoft of 600 eV and k-point
mesh of (16 X 1 X 1) in the Monkhorst—Pack sampling
scheme.®’ For geometric optimization, all atoms are allowed to
fully relax until the forces on atoms are less than 0.005 eV/A.
AIMD simulations for the Si-doped (3,3) CNT are performed
in (4 X 1 X 1) supercell models using DFT calculations. A time
step of 1 fs is utilized. The structures are heated to targeted
temperatures of 300, 900, and 1500 K at a constant rate by
velocity scaling over a time period of S ps. The NVT ensemble
using a Nosé—Hoover thermostat® is adopted.

The calculations of electronic structures, phonon disper-
sions, EPC, and superconducting properties are performed in
the framework of DFT, employing norm-conserving pseudo-
potentials® as implemented in the QUANTUM-ESPRESSO
(QE) package.”* Before these calculations, the VASP-
optimized structures are reoptimized within QE. The LTA
and diameter calculated by QE and VASP are compared, and
the results are almost the same (see Table S1). A plane-wave
cutoff and the energy cutoff for charge density are set as 100
and 400 Ry, respectively. This set of parameters ensures a
convergence less than 1 meV per formula unit in total energy.
All structures are reoptimized until forces on each atom are less
than 107 Ry/Bohr. The Brillouin zone (BZ) k-point mesh of
32 X 1 X 1 and a Methfessel-Paxton smearing width of 0.02 Ry
are used to calculate the self-consistent electron density. The
dynamic matrix and EPC matrix elements are computed within
a 16 X 1 X 1 q mesh. The phonon properties and EPC are
calculated based on the density functional perturbation
theory®® and Eliashberg theory.*®
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The EPC 4y, is calculated according to the Migdal—
Eliashberg theory™ by

Yo

iqv =——
7hN(Eg) @y, )

where y,, is the phonon line width, wgis the phonon
frequency, and N(Ep) is the EDOS at the Fermi level. The
Yqv can be estimated by

)

k,n,m

21y,

QBZ

2
6(81«1 - EF)5(€k+qm - EF)

3)
where Qg; is the volume of BZ, ¢, and &, are the Kohn—
Sham orbital energies, and g, s , 4 represents the EPC matrix
element. The Eliashberg spectral function a’F(w) can be
estimated by

Y

v
qv gkn,k+qm

2 _ 1 Tov _
) = i 2 0 o) .

Then, the EPC constant A(w) and the logarithmic average
frequency a)log(a)) can be determined by

o 2
Mw) = 2/ de
0 1)
and

wyog(@) = exp[%/o dgwazF(a)) log a)]

©)

(6)

After the total 1 and w),, are obtained, the T. can be
obtained by the McMillan equation,”” which had been further
modified by Allen and Dynes,"**

wlog 104(1 + ﬂ)

T. = -
<12 exP[ A= (1 + 0.62/1)}

(7)

Here, p* is an empirical parameter that represents the effective
screened Coulomb re;)ulsion, which has a typical value
between 0.1 and 0.15.°” A detailed explanation of y* can be
found in previous works.”" The value of u* = 0.1 is widely used
in theoretical calculations of the (5,0) CNT* and other
superconducting materials, such as Al-deposited graphene
AIC*® and 2D boron-based materials.’”®® Thus, we use the

value of u* = 0.1 to discuss the superconducting properties.
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