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Three-gap superconductivity with 7, above 80 K in hydrogenated 2D monolayer LiBC
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Although the metallization of semiconductor bulk LiBC has been experimentally achieved, various flaws,
including the strong lattice distortion, the uncontrollability of phase transition under pressure, usually appear.
In this work, based on the first-principles calculations, we propose a new way of hydrogenation to realize
metallization. Using the fully anisotropic Migdal-Eliashberg theory, we investigate the superconducting behav-
iors in the stable monolayers LiBCH and LiCBH, in which C and B atoms are hydrogenated, respectively.
Our findings indicate that the monolayers possess the high 7. of 82.0 and 82.5 K, respectively, along with the
interesting three-gap superconducting natures. The Fermi sheets showing the obvious three-region distribution
characteristics and the abnormally strong electron-phonon coupling are responsible for the high-7, three-gap
superconductivity. Furthermore, the 7, can be dramatically boosted up to 120.0 K under 3.5% tensile strain. To a
great extent, the high 7, is beyond the liquid nitrogen temperature (77 K), which is beneficial for the applications
in future experiments. This study not only explores the superconducting properties of the monolayers LiBCH
and LiCBH, but also offers practical insights into the search for high-7, superconductors.
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I. INTRODUCTION

The multigap superconductors generally imply the pres-
ence of several superconducting gaps that open up on separate
and distinct regions of the Fermi surfaces (FSs) [1]. These
materials exhibit a competitive and coupled behavior due to
multiple condensates, leading to the emergence of various
new physical properties [2—-6] and theoretical development
[7]. However, the limited availability of multigap supercon-
ductors poses a significant challenge in confirming these
predictions experimentally. This changed after the discovery
of the two-gap bulk MgB, superconductor [8]. According to
Bardeen-Cooper-Schrieffer (BCS) theory [9], MgB, exhibits
a high superconducting transition temperature (7;) of ~40 K
[8] due to its high phonon frequency, strong electron-phonon
coupling (EPC), and large density of states (DOS) at the
Fermi level (Er). This discovery reignited interest in layered
BCS-type compounds that are metallic or can be metallized.
Recent discoveries [10-12], especially superconductivity up
to 32 K in the pressurized MoB, [13], have further fueled this
renaissance. It is also worth noting that a strong covalent o

“Contact author: fu_zhenguo@iapcm.ac.cn
fContact author: hylu@qfnu.edu.cn
Contact author: zhang_ping @iapcm.ac.cn

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2024/6(3)/033241(20)

033241-1

bond above the Er, consisting of a spin singlet pair with op-
posite spins [14], is essential for superconductivity. It breaks
the binding force of the band, allowing electrons to become
itinerant and resulting in strong EPC and a potentially high 7.
[14—17]. In the pursuit of identifying novel phonon-mediated
superconductors with higher 7, under ambient pressure, sev-
eral potential candidates have been proposed.

Bulk LiBC [18] has garnered attention for its analogical
resemblance and straightforward fabrication. It is isostructural
to MgB, [19], which effortlessly meets the aforementioned
high-T. criteria. The crystal structure is derived from the fully
intercalated graphite structure of MgB,: Mg — Liand B, —
BC, resulting in B being the nearest neighbor to C due to
the hexagonal arrangement of BC layers. Although the Li
atom has one less valence electron than Mg, C possesses
one more electron than B. This renders bulk LiBC isovalent
with MgB, and hugely probable to exhibit metallic properties.
Unfortunately, it is a semiconductor with covalent bonding
states situated on the top of the valence bands [18,20].

Over the years, extensive efforts have been dedicated to
transforming LiBC into a metallic state in order to explore
its superconducting properties. Currently, there are several
approaches to metallize it. (1) It was theoretically discovered
that the injection of Li vacancies (LipsBC) in bulk LiBC
can raise the o-bonding states above Ep and result in a su-
perconducting state with a 7, of approximately 100 K [21],
while a higher concentration of Li vacancies in Lig ;o5BC was
predicted to yield a 7, of up to 65 K [22]. However, with the
introduction of Li vacancies, strong lattice distortion follows
[23], causing a significant change in the band structure and
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TABLE 1. First line denotes the number of different bands. The second (fourth) and third (fifth) lines denote the Wannier functions spread
of different bands of LIBCH (LiCBH) with (w) and without (w/0) p orbitals of Li atom, respectively.

Orbital number 1 2 3 4 5 6 7 8 9 10 11 12 Total

W, W/0 wp 1.047 0976 0.895 0.887 0.791 0.870 0.731 0.724 1.820 2.003 1.726 1.723 14.193
p w/o p 1.055 1.111 0904 0.896 0.813 1.126 100.473 99.078 1.064 206.520
Orbitals wp 1.034 0949 0.890 0.882 0.791 0.882 0.732 0.726 1816 2.023 1.736 1.733 14.194
w/o p 1.042 1.061 0.899 0.891 0.802 93.613 0.746 0.739 1.062 100.855

weakening the positive effects of lifting the o-bonding band
above the Er [23]. Consequently, superconductivity has never
been observed in synthetic Li,BC [23-26]. (2) To suppress the
impact of introducing the lattice distortion and simultaneously
metallizing LiBC-type compounds, Miao [27] and Gao [14]
et al. proposed an idea of partial substitution between C
and B atoms. Investigations have demonstrated that certain
LiBC-type compounds, such as LiB; 1Cy 9 [27], Li3sB4C, [14],
LiBC; [28], and LiyB5C3 [29], exhibit superconductivity with
T, values of 36, 50, and 16.8 K, respectively. However, the
synthesis of these B-enriched stoichiometric compounds has
proven to be challenging [30]. Additionally, the hole-doped
Li,B.15Co.g5 exhibits a significant decrease in resistivity be-
low 20 K but does not exhibit superconductivity [31]. (3)
Another possible way to realize the metallization is by ap-
plying pressure. However, Lazicki et al. found that, even at
60 GPa [32], the crystal structure of LiBC remains unaltered.
Subsequently, the theoretically calculated pressure required
for its metallization is up to 345 GPa. However, pressure also
eliminates the similarity of electronic structure between LiBC
and MgB, [32,33], resulting in a new phase. (4) Dimensional
reduction is a significant route to achieving metallization of
bulk LiBC. Gao and Modak e? al. have investigated the effects
of dimensional reduction on metallization, leading to super-
conductivity with 7, of ~90 K in trilayers LiB,C, [34] and
70 K monolayer LiBC [35], respectively. This method seems
to be a viable way to explore the superconductivity of the
LiBC compound, but experimental verification is imperative.

Is there another possible approach to realizing the metal-
lization of LiBC? Here, one initial idea that comes to our
mind is to explore hydrogenation as a means to achieve it.
Dense metallic hydrogen [36] can lead to a high-temperature
superconductor with 7, of 242 K [37] under ultrahigh pressure
(~400 GPa) [38,39], accompanied by multigap superconduct-
ing characteristics [37]. Over the years, hydrogenation, as an
active way to boost the 7, of superconductors, has been widely
studied [40-47]. Thus the idea to achieve the metallization of
the LiBC compound is hydrogenation. First, monolayer LiBC
can be exfoliated from the bulk LiBC [18] to realize dimen-
sional reduction. Subsequently, the H atom can be added to
the side of the Li layer for realizing its hydrogenation. In
this work, presenting the common advantages of dimensional
reduction [34,35,48,49] and hydrogenation [36,37], LiIBCH
and LiCBH are predicted to be high-7, superconductors.

II. COMPUTATIONAL METHODS

In these DFT calculations, the subsequent lattice opti-
mization, dynamic matrices, and electronic and phononic
calculations were performed by using the QUANTUM ESPRESSO

(QE) package [50] with the projector augmented wave (PAW)
[51-53]. The exchange-correlation potentials were described
by the generalized-gradient approximation (GGA) functional
of the Perdew-Burke-Ernzerhof (PBE) [54] formula. 100 and
800 Ry were chosen to be the kinetic energy cutoff and
charge density cutoff of the plane wave basis, respectively.
A sufficient vacuum space of 20 A was added to the models
to eliminate the periodic interaction between adjacent lay-
ers. The charge densities were calculated on an unshifted k&
mesh of 48 x 48 x 1 points in combination with a Methfessel-
Paxton smearing [55] of 0.02 Ry. The convergence criteria for
energy and force were set as 1077 and 107® Ry a.u.™!, respec-
tively. The dynamical matrices and the perturbation potentials
were calculated on a I'-centered 12 x 12 x 1 mesh, within
the framework of density-functional perturbation theory [56].
The aforementioned parameters were selected after the full
convergence tests. The lattice constants after full relaxation
were also adopted.

We further used a method of Wannier interpolation func-
tion to reevaluate the EPC of monolayers LiBCH and LiCBH.
A 12 x 12 x 1 grid was used to construct the maximally
localized Wannier functions (MLWFs) [57-59] in the BZ,
to perform the precedent non-self-consistent calculations of
the electronic wave functions. We chose 12 electron orbitals
to fully describe the band structures (Fig. 7) around the Ep.
To be more precise, eleven are the s, p orbitals of boron,
carbon, and p orbitals of lithium atom; the last one is the s
orbital of the H atom (s orbital of Li can be neglected [35]).
The values of each spatial spread are smaller than that of
the lattice constant, presenting excellent localization in real
space. Meanwhile, to validate the necessity of Li atomic p
orbitals in the construction of tight-binding models, we also
listed the spatial spread with and without Li atomic p orbitals
(Table I). Based on the EPW code [60-62], the convergence
analysis of EPC constant A was tested by an electron and a
phonon mesh consisting of 200 x 200 x 1 and 100 x 100 x 1
points, respectively. More computational details are presented
in Appendix A.

III. RESULTS AND DISCUSSIONS

A. Crystal structures

The starting point is to ascertain the equilibrium structure
of the hydrogenated LiBC system. To achieve this goal and
eliminate the influence of different H atomic concentrations,
we examine several potential high-symmetry sites shown in
Fig. 1(c) and simulate the corresponding dynamic stabilities.
As detailed in Fig. 6, only two dynamically stable struc-
tures with one H adatom per unit cell are observed. Their
sufficiently optimized structures are distinguished by H sites
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FIG. 1. Optimized geometries of (a) bulk LiBC, (b) the exfoliated monolayer LiBC, and (c) the top view of hydrogenated monolayers
LiBC with different hydrogenating sites, where the “1, 2, 3, 4” represent the H adatoms located at the top of Li, B, center of B-C bonds, and C
atoms, respectively. The unit cell comprising four atoms is marked as a thombus. (d) Fermi surface of LiBCH and LiCBH. The red and blue
curves represent the Fermi sheets originated from the B-C o states (the inner and outer named as o; and o5, respectively) and hybridized states
of B w and H s orbitals (named as 1), respectively. The high symmetric route along I'-M-K-I" is shown in red dotted lines. Panels (e) and (f)
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represent the electronic properties of monolayers LIBCH and LiCBH, respectively.

in which B and C are hydrogenated, named as LiBCH and
LiCBH, respectively. The total energy per atom of LiBCH is
lower by about 20 meV than that of LiCBH. The calculated
crystal parameters can be obtained in Table II. Moreover,
stability is important for a new material. Thus we prove their
thermodynamic, mechanical, dynamic, and electronic stabil-
ity, where the details are provided in Appendix E.

B. Electronic and phononic properties

Based on the overall analysis in Appendix H, we can draw
the following conclusion about charge transfer: Li-s and C/B-
p; orbitals lose charges; Li-p, C/B-p,, p,, and H-s orbitals
get charges. On the whole, C/H and B/Li atoms obtain and
lose charges, respectively. The band structures and DOS for
LiBCH and LiCBH are shown in Figs. 1(e) and 1(f). The
orbitals with little contributions at the Er, such as the s
orbitals of B(C), are omitted. There are three bands across
the Er—one band along the high-symmetry points M and K
is mainly composed of the hybridized states of B/C-7 and
H-s orbitals and two bands around the BZ center originate
from the B/C-o states, leading to two hole pockets. It is
indicative of metallization motivated by covalent states, anal-
ogous to what is observed in other multigap superconductors
MgB, [63], AlB,-based films [64], and MgB, [16,29,65,66].
Moreover, the band gaps between the valence band maximum
(VBM) and conduction band minimum (CBM) of LiBCH and
LiCBH around K point are 0.722 and 3.073 eV, respectively.
As depicted in the DOS, the dominant electronic states near
the Er come from the contribution of B/C-o, -7, and H-s
orbitals, with minor contribution from Li-p orbitals. Hence,

compared with those electrons of LiBC only from B/C-o and
-7 states [35], hydrogenation can bring higher electronic DOS
at the Er, which benefits EPC. However, Li-p orbitals play
essential roles in the construction of more localized Wannier
functions, as shown in Fig. 7 and Table I. The constraint
of the B-C lattice subjects the Li atom to substantial lattice
chemical pressure with energetic level transitions from the 1s
to 2p orbitals. This feature is not unique and has also been
reported in monolayer LiBC [35]. The van Hove singularities
are indicated by colored arrows, with each color representing
a different dominant orbital. Figure 12 shows the projections
of Fermi velocity and different orbitals on the FSs of LiBCH
and the corresponding FSs of LiCBH are shown in Fig. 13.
Here, as an example, we are focused on the properties of
LiBCH. Just as mentioned earlier, from I" point to the BZ
boundary, there are three regularly circular Fermi sheets. In
detail, the two inner are formed by the B/C-o states (marked
as the o and o5, respectively) and the outer sheet originates
from the hybridized states, named the p, of B/C-7 and H-s
orbitals. The emergence of different component sheets (o,
0y, and w sheets) signifies that the LiBCH and LiCBH can
become candidates of multigap superconductors. Moreover, it
is clearly observed that some anisotropic distributions, such
as Fermi velocity, p, and p, orbitals of B/C, and so on,
exist in some sheets, whether the inner or outer. Therefore,
the observed behaviors on the FSs prompt us to employ the
anisotropic Migdal-Eliashberg theory [62,67-70] to solve the
EPC of LiBCH and LiCBH.

Based on the absence of negative frequencies, the phonon
dispersion indicates that the system is positioned at the lowest
point in its energy landscape and possesses dynamic stability

TABLE II. Fully optimized lattice parameters a, the bond lengths of C-B and Li-H, and the perpendicular distance of C-B Ah,, Li-H Ah;,

and C-Li / in A for LiBCH and LiCBH.

Parameters a C-B Li-H Ahy Ah, h
Materials LiBCH 2.7258 1.5751 1.7429 0.0659 0.7490 1.7893
LiCBH 2.7255 1.5736 1.7325 0.0058 0.7249 1.9048
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(Fig. 9). There are four atoms in the primitive cell, which re-
sults in twelve phonon modes: three acoustic and nine optical
branches. Moreover, with no regard to the acoustic modes and
the analysis of the Cs, point group, the nine optical phonon
modes at the I" point can be disassembled as

Coptical = 3E(I + R) +3A;1(I + R), (1)

where I and R represent the Raman and infrared modes.
Table VI presents further details on the vibration modes ob-
served at the I' point, including their symmetry, vibrational
properties, Raman/infrared activity, and frequencies, which
will aid in guiding future experimental works. The phonon
dispersions weighted with atomic vibrational directions and
the projected phonon density of state (PhDOS) over the whole
frequency are described in Fig. 14. As a result of the similarity
in structure, the distributions of atomic vibration for LiBCH
and LiCBH bear a close resemblance to each other. Mean-
while, owing to the slight disparities in atomic mass, there is
a lack of clear demarcations in the vibrational distributions
of different atoms. Simply, the vibrational distributions of B
and C atoms span the entire frequency range, with the pre-
dominant focusing on medium and high frequencies (above
35 meV). Meanwhile, the distributions of H atoms are bi-
furcated, with one portion predominating in high frequencies
(above 75 meV) and the other portion residing in low frequen-
cies (below 50 meV). Distinctly demarcating, the vibrations
of Li atoms emerge within the range of low frequencies below
50 meV. In short, the low below 25 meV mainly originates
from the vibrations of Li and H; the medium at the range from
25 to 75 meV is from the vibrations of B/C atoms; the high
from 75 to 135 meV is dominated by the vibrations of H and
in-plane B/C atoms. Here, the frequencies of optical modes
associated with the vibrations of H atoms are close to those
(75-127 meV) of the hydrogenated MgB, [40] monolayer. It
implies that the 7, of our predicted LiBCH and LiCBH may
be close to or even higher than that (67 K) of the hydrogenated
MgB, monolayer.

C. Three-gaps superconductivity

Subsequently, we concentrate on the superconductivity of
LiBCH and LiCBH. The related superconducting properties
are shown in Figs. 2 and 15 for LiBCH and LiCBH, re-
spectively. As shown in Fig. 2(a), the strong projections of
EPC parameters kﬁh are located in two regions: one is the
acoustic phonon modes around the I' point; the other is the
BZ-center optical E modes originating from the in-plane (seen
in Table VI and Figs. 14 and 16) B-C stretching. The strong
coupling between the B/C-o states and the in-plane phonon
vibration of B-C graphenelike net results in the large )\f,’ﬁ
[Fig. 2(b)] around the I" point and leads to some high peaks
of Eliashberg functions a’F (), particularly the maximum
at the optical E modes points. The anomalously large EPC
strengths of )\ﬁf are from the dramatic softening of the optical
E modes with the existence of Kohn anomaly [71], rather
than the effect of nesting function shown in Fig. 10. There
is a strong concordance between the regions where optical
phonons experience softening in the BZ and the diameter of
hole Fermi sheets that arise from the o-bonding B/C orbitals,
demonstrating a typical attribute associated with the Kohn

PhDOS
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FIG. 2. Properties of lattice dynamics and EPC parameters Ag"
for the LiBCH monolayer. (a) Phonon weighted with the EPC pa-
rameters Ag” (red), PhDOS, and the total cumulative EPC A(w) =
2 [ &®F (w)/w dw with the corresponding mode-resolved Eliashberg
spectral function &*F (). (b) EPC A7) along the high-symmetry line
I-M-K-T. (c) EPC A2" projected in the whole BZ.

effect [63,72]. These findings are further corroborated by
the mode-resolved «?F (@) and A(w). Moreover, for LIBCH
(LiCBH), the three low-frequency acoustic phonon branches
v = 1-3 contribute 56.3 (62.5)% of the total EPC A(w), while
the remaining modes v = 4-6, 7-9, and 1012 contribute 15.0
(15.0)%, 23.0 (18.6)%, and 5.7 (3.9)%, respectively. The total
EPC X is up to 1.26 (1.36).

The EPC parameters A{’ on the FS and strength distribution

p(kﬁh) are shown in Fig. 3. The detailed discussion about the
differences and correlations can be obtained in Ref. [73]. For
LiBCH (LiCBH), the range of the whole EPC Af;l is from 0.87
(0.85) to 2.31 (2.63). The latter is slightly larger than that of
the former. Moreover, the larger EPC Ail exhibits in the o
and o, sheets, while the p sheet possesses the smaller value
of kﬁl . The strength distributions of o}, 0,, and w, namely
P, p(Reh?), and p(ehH), are from 1.98 (2.27), 1.47
(1.67), and 0.87 (0.85) to 2.31 (2.63), 1.92 (2.14), and 1.07
(1.18), respectively. The resulting average of EPC A¢ is 1.69

(a) 2.4 (b) 3

el
}\'k

P

FIG. 3. EPC parameters A{' and strength distribution p(A¢') for
(a), (c) LiBCH and (b), (d) LiCBH, respectively.
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FIG. 4. Superconducting gap properties of LIBCH and LiCBH. (a) Momentum-resolved superconducting gap A,x(w = 0) on the FS at
T =5 K; (b) the strength distributions of gaps p(A,x); (c) SDOS at T = 5 K; (d) energy distribution of the gaps A,x versus T for LiBCH.
(e)—(h) The corresponding superconducting gaps’ results for LICBH. The dark red, red, and blue lines in (d) and (h) are the eye guides for
the gaps A,,, A,,, and A, respectively. [Note: the heights of the histograms are multiplied by a factor of 2.5 while plotting for visibility in

(d) and (h)].

(1.82). According to the aforementioned analysis, we can find
that the high-frequency optical phonon of the dramatic soft-
ening around the I" point, e.g., the £ modes, and the acoustic
phonon significantly contribute to forming the large electronic
EPC kil on the o; and o, sheets.

Meanwhile, the different regions with different electronic
states on the FS can lead to the separation of strength distri-
butions ()»il ) between the o and pu sheets. As demonstrated
in Figs. 3(c) and 3(d), the behavior that o sheets are divided
into o and o, sheets results in the formation of three-region
strength distribution characteristics of A¢{’. The reason for sep-
aration between the strength distributions can be attributed
to the extra slight distribution of the phonon EPC Agh, e.g.,
between I and K points with a proximity bias towards the I"
point, shown in Figs. 2(c) and 15(c). These slight distributions
of kf,’h originate from the weak phononic softening located
around the I point, shown in Figs. 2(a) and 15(a). The same
results have also been observed in MgB, [63] and AlB4 [64].

Based on fully anisotropic Migdal-Eliashberg theory
[62,67-70], we now turn to analyzing the superconducting
gaps, shown in Fig. 4. Combining with Fig. 3, it is worth not-
ing that the regions with larger gaps on FSs shown in Figs. 4(a)
and 4(e) coincide with those with stronger EPC ¢ with the
strongest gap A,,, secondary gap A,,, and hybridized-states-
included weakest gap A,, opening on the oy, 07, and u sheets,
respectively. The superconducting DOS (SDOS) can be calcu-
lated with the formula (24). As shown in Figs. 4(c) and 4(g),
the SDOS with three distinguished peaks corresponding to the
Ag,, Ay, and A, further demonstrates the nature of three su-
perconducting gaps. For LiBCH (LiCBH) at the temperature
T =5 K, shown in Figs. 4(b) and 4(f), the ranges of three
gaps Ag,, A,,, and A, are 15.75 (16.20) ~16.65 (17.10),

14.46 (14.91) ~15.36 (15.87), and 4.80 (4.68) ~5.40 (5.19)
meV, respectively. The largest and smallest gap divisions orig-
inating from the A,,, A, and A,,, A, are 9.06 (9.72) and
0.39 (0.33) meV, respectively. These results agree well with
three-region distribution characteristics of electronic EPC ael
indicating that LiIBCH and LiCBH are evidently three-gap su-
perconductors. As depicted in Figs. 4(d) and 4(h), the typical
BCS-type temperature dependence occurs due to the changes
in gaps A,k versus 7. Moreover, the value of A, is enlarged
from ~2.7 meV of LiBC [35] to ~5 meV by introducing the
hydrogen. As the temperature increases, the values of A,k
gradually vanish and converge at 82.0 and 82.5 K for LiBCH
and LiCBH, respectively. Their 7, are higher than 17-47 K
of AlB,,, films [64], 52 K of MgB, [63], 53 K of MgB,
with the strain of 4.5% [48], 67 K of hydrogenated MgB,
[40], and the pristine 7. of the carbon-cage network [74].
It is interesting that both 7, are beyond the liquid nitrogen
temperature (77 K), which are highly significant and evidently
beneficial for application in future experiments.

Here, we draw a short discussion about superconducting
parameters calculated by the Allen-Dynes (AD) formula. For
LiBCH (LiCBH), the results suggest that the EPC 14 and T
are 1.19 (1.33) and 36.71 (32.71) K, respectively, about 55.2
(60.4)% less than the values analyzed from the multiband the-
ory. This clearly substantiates that the presence of multigaps,
three gaps, here plays a crucial role in capturing the rising 7.

D. Boost of T,: Effect of biaxial strain

Due to the significant enhancement of superconductiv-
ity under the biaxial strain in numerous 2D materials,
e.g., hydrogenated MgB, [40], monolayer MgB, [48], and
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FIG. 5. Superconducting properties of LIBCH and LiCBH under strains. (a) The electronic EPC parameters A{'; (b) momentum-resolved
superconducting gap A,x(w = 0) on the FS at T = 5 K; (c) energy distribution of the gaps A, versus T for LiBCH at the ¢ = 2.1% strain.
(d)—(f) The corresponding superconducting results for LICBH at the ¢ = 3.5% strain. The dark red, red, and blue lines in (c) and (f) are the

eye guides for the gaps A,,, A,,, and A, respectively.

hole-doped graphene [75,76], its effect on the superconduc-
tivity of LiBCH and LiCBH should also be explored. We
gradually impose the biaxial stretching strains (¢) effect until
the appearance of obvious imaginary frequencies. For LIBCH
(LiCBH), shown in Fig. 17, the results suggest that they
can possess dynamical stability unless the strain exceeds
e = 2.1 (3.5)%. Furthermore, when the phonon softening in
LiBCH and LiCBH is magnified by modulation until promi-
nent imaginary frequencies (solid red lines of Fig. 17) emerge,
it becomes vulnerable to a charge density wave (CDW)
transition. This means that the optimized structures are the dy-
namically stable superconductors, but are closed to the CDW
states. Next, preceding the appearance of CDW transition, our
calculations indicate that the strains can sufficiently boost the
T, and other superconducting parameters.

The calculated EPC parameters kﬁh projected on the
phonon spectra and BZ, as well as the Eliashberg function
o’F (w), are shown in Fig. 18. We find that the dramatical
softening modes appear around 1/3 K-I', where some large
EPC parameters Agh accumulate, shown in Figs. 18(a) and
18(d). Meanwhile, as depicted in Figs. 18(b), 18(c), 18(e), and
18(f), one visible peak of A{l’h also emerges around 1/3 K-T".
Furthermore, some high peaks of o> F (w) are triggered, form-
ing a large A from the formula 4 =2 [ &*F (w)w™'dw.
Combining with Figs. 14(j) and 14(n), the 6ut-0f—plane vibra-
tion of H atoms plays an essential role in the large EPC and
formation of strong softening modes, meaning that H atoms
can significantly enhance the EPC. Notably, around this q
point, there is a certain degree of improvement in the effect
of nesting function, shown in Figs. 10(f) and 10(h). More
importantly, the EPC constants A for LIBCH and LiCBH are
sharply boosted up to 2.54 and 3.45, respectively, which lead
them to become strong EPC superconductors. A larger portion
of the EPC constant A in LICBH compared to LiBCH can
be traced back to the anomalous concentration of EPC Agh
around 1/3 K-T", shown in Figs. 18(b) and 18(e).

The other superconducting parameters, e.g., superconduct-
ing gaps, EPC A¢/ on the FS, are centrally exhibited in Fig. 5.
As shown in Figs. 5(a) and 5(d), the regions with lager Aﬁ’
on the FS appear in the u sheets, rather than the o sheets of
equilibrium cases (¢ = 0%). This demonstrates again the im-
portant effects of H atoms on the boost of superconductivity.
The retention of characteristics of three-gap superconduc-
tivity in the monolayers LiBCH and LiCBH is due to the
almost consistent FS with the equilibrium cases, as shown
in Figs. 5(b) and 5(e). The large superconducting gaps still
open on the o7 and o, sheets, which are much larger than
the equilibrium cases. Last but not least, the superconduc-
tivity transition temperatures 7, for the LiBCH and LiCBH
are sharply boosted up to 103.5 and 120.0 K, respectively. It
is incredibly interesting that these predicted high 7, beyond
100 K at ambient pressure are rare in the current research of
2D superconductors, which is of high significance and broad
prospect.

E. Discussion

Before drawing a conclusion, it is extremely worth noting
that this research represents a direction for searching high-T7,
superconductors at ambient pressure, taking full advantage of
the following aspects: the nature of multigaps, the o bonds
of B-C graphene-like net, and H atoms. The multigaps can
possibly open larger superconducting gaps, resulting in the
higher 7, [63,77,78]. The o bonds of B-C graphenelike net
usually provides stronger EPC parameters Aﬁh which can trig-
ger higher peaks of a>F (w) and subsequently stronger EPC
[79]. The advantages of H atoms can raise the upper limit of
phonon frequency w and boost the value of T, especially in
the strain engineering. In addition, dimensional reduction can
also effectively increase T, [48,49]. Based on these principles,
we believe that more superconductors with higher 7, can be
discovered.
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IV. CONCLUSIONS

In summary, we find two stable hydrogenated LiBC config-
urations from LiBCH, (x = 1, 2, 3, 4) with different H atomic
concentrations. Subsequently, their stabilities, charge transfer,
and electronic/phononic properties are studied. By solving
the fully anisotropic Migdal-Eliashberg equations, supercon-
ducting behaviors are investigated systematically. We observe
an interesting nature of three-gap superconductivity with high
T, of 82.0 and 82.5 K and reveal that the strong electronic
EPC parameters )\f(l with evident three-region distribution
characteristics are responsible for this high-7, three-gap su-
perconductivity. Moreover, our calculations suggest that the
dominating phononic EPC parameters A} " resulting from the
acoustic and high-energy optical softening phonon modes
around the BZ center, contribute to larger A,‘;’ between the o
and o, Fermi sheets. The distinct separation of the o sheets
further indicates the formation of three-region distribution
characteristics of kf(l and the robust three-gap superconduct-
ing behaviors. We also discover that the coupling between
the covalent metallized states and in-plane phonon vibration
modes originating from the B-C graphenelike net play an
essential role in superconductivity. In addition, the T, can be
dramatically boosted up to 103.5 and 120.0 K under the small
strains ¢ = 2.1% and 3.5%, respectively. The large boost of
T. originates from the H atomic out-of-plane phononic vi-
brations on the outer w sheet, rather than the inter-o sheets
in the pristine cases. This work not only explores the super-
conducting properties of the LiIBCH and LiCBH monolayers
but also provides practical insights into the search for high-T;
superconductors.
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APPENDIX A: COMPUTATIONAL METHODS
AND DETAILS

Furthermore, here, some basic quantities relating to the
electron-phonon interaction are described. The imaginary part
of the phonon self-energy within the Migdal approximation
can be calculated with

J(€n) — f(€mksq)
N’ =1Im wx|SE (K, 2 & .
v Zmn,k k|g]s;m"V( q)| 6mk+q — €pk — a)qv - ”7

(AD)
£ (k, q) can be ob-

The electron-phonon matrix elements g, |,

tained by

1

2
> gk, q),

ok, q) = ( (A2)

2mowgqy

in which

Sn (K, @) = (Yink-+q1 00V [ Vi) (A3)

The ¥,k is electronic wave function for band m, wave vec-
tor k, and eigenvalue €,x. dq,V 1is the derivative of the
self-consistent potential associated with a phonon of wave
vector ¢, branch index v, and frequency wg,. The factors
f(€xx, f(€mktq)) are the Fermi occupations and wy are the
weights of the k points normalized to 2 in order to account
for the spin degeneracy in spin-unpolarized calculations.
One widely used approximation for the phonon self-energy
involves neglecting the phonon frequencies wg, in the denom-
inator and taking the limit of a small broadening parameter
n. The total EPC A is calculated as the BZ average of the
mode-resolved coupling strengths Ag,:

r=) wghq:
qv

where the wq are the BZ weights associated with the phonon
wave vectors (. The Aq, representing the EPC strength asso-
ciated with a specific phonon mode and wave vector is given
by

(A4)

1 2
ey = > onlghh (K, Q)] 8(em)d(€mcrq). (AS)
NquU mn,K
where § is the Dirac delta function. And it can be associated
with the ITg, as follows:
1 1-[//
Ay = . A6
4 JTNF (uév ( )

The Eliashberg spectral function «?F can be calculated
in terms of the mode-resolved coupling strengths Aq, and
phonon frequencies using

1
2
CF )= 5 qZquwqmqVS(w — wg,).
The anisotropic Migdal-Eliashberg theory [62,69,70] for
electron-phonon superconductors can be solved with

(A7)

20k iw) = 14 2 il
’ l(,()n =
Npw, + o? + A2(K, iw))
x Ak, K, n—n)8(ex), (A8)
T AKK, iw)
Z(K, i) AK, i) = — (K, i)
Np Vor + A2(K, iw))
XAk, K, 1 — 1) — NeV(k — K)]8(e).  (A9)

In the equations, T, Z, and A represent the absolute temper-
ature, the renormalization function, and the superconducting
gap, respectively. Nr is the DOS of electrons at the Er and
8(ex) is the Dirac delta function. k denotes the composite band
wave vector and iw, = i(2n + 1) T are the fermion Matsub-
ara frequencies. The anisotropic EPC matrix A(k, k', n —n’)
can be obtained by

, , max 26() 2 ,
MKk, K, n—n") = ﬁaF(k,k,w)dw,
0 (w—w) +ow

(A10)
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FIG. 6. Different configuratons of hydrogenated monolayer LiBC for (a)—(d) one, (e)—(j) two, (k)—(n) three, and (o) four H adatoms in a
unit cell. In each picture, a top and side views of structures are shown in the left and the corresponding phonon dispersions are depicted in the

right.

where «2F (k, K/, w) can be given:
2
F(k K, ) =Nr Y |goh (K @) 80 — ox-w.).
v

(Al1)

The Morel-Anderson pseudopotential p* is a semiempirical
parameter to solve the numerical solution of the Eliashberg
equation, defined as ™ = u*/[1 + u*In(we; /wpn)], where w,
and wp;, are the characteristic electron and phonon energy,
respectively, and u* is the Coulomb potential. A reasonable
value is in the range of 0.1-0.2 [62]. In this work, we set a
typical value of ©* = 0.1 [65,69,80,81]. The Dirac é functions
for electrons and phonons were smeared out by a Gaussian
function with widths of 50 and 0.05 meV, respectively.

(b) I i

3 DoIe AN¥
g 1 1
>
3 | | E
%D ] ~r
= T DFT )
= 10 1 - - - wannier| \ 1.~ - - wannier]|
-10+ X 4 L X i
/:_/)l-\_ /:/\
I I I I
15 1 1 1 1
r M K r r M K T

FIG. 7. Band structures for (a) LiBCH and (b) LiCBH obtained
from DFT calculation (cyan solid lines) and Wannier function (red
dotteda lines), respectively.
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TABLE III. Calculated cohesive (E.y,), formation (Ef,,) energies
(eV/atom), and the change in total energy (AE /eV).

Parameters E ., Etor1 Eton AE, AE, AE;

LiBCH
LiCBH

—5.103 —0.348 —0.633 —1.457 1.154 2.698
—5.083 —0.328 —0.613 —1.298 1.075 2.619

Materials

APPENDIX B: POSSIBLE CRYSTAL STRUCTURE
ANALYSIS

The hydrogenation of a monolayer of LiBC on the Li side
has been investigated systematically, yielding several possible
structures. Within the LiBC unit cell, there are four high-
symmetry atomic positions occupied by H adatoms, namely
positions above the atoms of B, C, Li, and the bridge of B
and C atoms. All possible configurations with one to four
H adatoms per unit cell of LiBC, namely LiBCH, (x =1,
2, 3, 4), have been considered. Their structures within top
and side views are described in Fig. 6. For these structures,
there are only two combinations which possess dynamical
stabilities, indicating hydrogenated LiBC where H occupies
a single honeycomb sublattice site above (a) C atom and (b) B
atom. Thus the two structures are studied in the paper.

APPENDIX C: TIGHT-BINDING MODELS OF PRISTINE
LiBCH AND LiCBH

See Fig. 7 and Table I for tight-binding models of pristine
LiBCH and LiCBH.

APPENDIX D: PARAMETERS OF CRYSTAL STRUCTURE

In detail, the crystal structures of the monolayers LiBCH
and LiCBH consist of three atom layers stacking in the order
C(B)-Li-H. The perpendicular distances between the C and
Li atoms of LiBCH and LiCBH 4 are 1.7893 and 1.9048 A,
respectively. Moreover, a minor wrinkle between C and B
atoms indeed emerges here, namely A#h;. The Ah; of LIBCH
and LiCBH are 0.0659 and 0.0058 A, respectively. Thus it
seems that the C and B graphenelike net of LiCBH is flatter
than that of LiBCH. The reason for this will be explored in the

80

40

Young's and Shear modulus (N/m)
(=3

LiBCH(C)- Y,
LiBCH(C)- S,

LiBCH(B)- S,

following part of the charge transfer. Moreover, the perpen-
dicular distances between the Li and H atoms Ah, of them
are 0.7490 and 0.7249 A, respectively. Both are crystallized
in the same space group of P3ml (No. 156). The unit cell
comprising four atoms is enclosed in a black rhombus with a
solid line. In a unit cell, a C (B) atom is bonded with three
B (C) atoms. The Li atom is located at the hollow site of the
graphenelike net and bonded with three H atoms. The lattice
constants of LiBCH and LiCBH are 2.7258 and 2.7255 A,
respectively.

APPENDIX E: STRUCTURAL STABILITY
1. Cohesive and formation energies: Thermodynamic stability

First, it is widely useful for cohesive energy to evaluate the
covalent bond strength and the stability of LiBCH and LiCBH.
The cohesive energy can be expressed by the following
formula:

. — Eo —(ELi + Ep + Ec + En)
coh — 4 ’

(ED)
where E is the total energy of LiBCH and LiCBH; Ey;, Ep,
Ec, and Ey are the isolated atomic energies of Li, B, C, and
H atoms, respectively; “4” is the total atomic number of a unit
cell. The calculated cohesive energies for LIBCH and LiCBH
are —5.103 and —5.083 eV/atom, respectively. It is found
that both structures of LiBCH are energetically favorable and
LiBCH is the more energetically stable monolayer. For com-
parison, the calculated cohesive energies of the previously
theoretically predicted 2D materials for Ga;SO,, Ga,SSe,,
and Ga,STe,, at the same theoretical level, are —5.24, —4.13,
and —3.77 eV/atom [82], respectively. More meaningfully,
similar or larger cohesive energies of the later experimen-
tally fabricated well-known 2D materials, such as MoS;
(—5.14 eV /atom) [83], siliene (—3.90 eV /atom) [84], anti-
monene (—2.64 eV/atom) [85], black phosphorene (—3.48
eV/atom) [86,87], Cu,Si (—3.46 eV/atom) [88], arsenene
(—2.97 eV/atom) [89], In,Se; (—3.36 eV/atom) [90-92],
bismuthene (—2.46 eV /atom) [93], and so on, indicate that
it is possible to synthesize our predicted LiBCH and LiCBH
under appropriate experimental conditions.

45
LiBCH(B)- v

Poisson’s ratio

0.6

270

FIG. 8. Polar diagrams for (a) Young’s modulus Y>p, (a) Shear modulus S,p, and (b) Poisson’s ratio v of LiBCH and LiCBH.
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(b)

FIG. 9. Phonon spectra from 0 to 50 meV for (a) LiBCH and
(b) LICBH monolayers with the colored solid lines in the calculation
of QE. For comparison, the phonon spectra with black dotted lines in
the calculation of VASP are also included in the picture.

Second, to simulate possible routes for experimental syn-
thesis, we also calculate the formation energies of LIBCH and
LiCBH using the following two approaches.

One is to exfoliate monolayer LiBC from bulk LiBC and
then introduce hydrogen gas (top-down approach)

Fu = (522 + )
4 9

(E2)

here, in which Ej;pc is the total energy of the experimentally
synthesized bulk LiBC [18] [shown in Fig. 1(a)]; Ep, is the
total energy of experimentally observed gas H, [94] structured
by magnesium and crystallized in the hexagonal P63/mmc
space group. In this case, the formation energies of LiBCH
and LiCBH are —0.348 and —0.328 eV /atom, respectively.

TABLE IV. Calculated elastic constants C;; (N/m), Young’s
modulus Y>p (N/m), shear modulus S,p (N/m), and Poisson’s ratio
v of LiBCH and LiCBH.

Parameters C;;, Cinn Ce¢ Yo  Sop v

LiBCH
LiCBH

1733 735 499
165.2 827 413

142.1 499 0424
123.8 41.3 0.500

Materials

The other is to synthesize it using various elemental sub-
stances (down-top approach)

E, 30 Epp Eq3p En,
Etot_( o T3 T +T)

4 El

(E3)

here, where E;jp, Egwp, Ecp are the total energy of the
experimentally observed o-samarium structured bulk metal
Li [95,96], a-boron structured bulk metal B [96-98], and
rhombohedral graphitelike structured bulk graphite [96,99],
respectively, all which crystallize in the trigonal R-3m space
group. In this case, the formation energies of LiBCH and
LiCBH are —0.633 and —0.613 eV /atom, respectively.

The above negativity of the formation energy value indi-
cates the energetic favorability of the investigated monolayers,
suggesting that the experimental synthesis is not only exother-
mic but also feasible.

Moreover, we also explore whether LiBCH and LiCBH
show an energetic preference for decomposing into other
structures with decreased H content, along with atomic hy-
drogen or hydrogen molecules. When investigating reactions
in the form of A — B + C, we evaluate the change in total
energy (AE) using the formula AE = Eg + E¢c — E4, with
Ex (X = A, B, C) denoting the total energy of compound X

Max

FIG. 10. (a), (c) Real part (static or bare) x'(q) and (b), (d) imaginary part (Fermi nesting function) x”(q) the electronic susceptibility
for LIBCH, LiCBH, respectively. The corresponding electronic susceptibility for (e), (f) 2.1% LiBCH and (g), (p) 3.5% LiCBH. The value
increases from blue and green to red. The first BZ and high symmetric route along with I'-M-K-TI" is shown in black solid lines.
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TABLE V. Charge associated with it according to Bader parti-
tioning (in units of |e|) for each atom in LiBCH and LiCBH. ZVAL
represents valence electrons of isolated atoms in the pseudopoten-
tials. Differences between charge and ZVAL for LiBCH and LiCBH
are denoted by Ae(C) and Ae(B), respectively, the symbol “+”
(“="") of which shows charge gain (loss).

Atoms ZVAL  LiBCH  Ae(C) LiCBH  Ae(B)
B 3 1.216 —1.784 1.235 —1.765
C 4 6.066 +2.066 6.017 +2.017
Li 1 0.192 —0.808 0.191 —0.809
H 1 1.526 +0.52 1.557 +0.557
obtained via DFT:

2LiBCH, — H, + 2LiBCH. (E4)

The references can be obtained as follows: LiBCH, from
Fig. 6(f), gas H, from [96], and LiBCH from Figs. 6(a)
and 6(b). The calculated change in total energy of LiBCH
and LiCBH are —1.457 (AEic) and —1.298 (AE;p) eV, re-
spectively. Hence LiBCH, tends to energetically prefer the
expulsion of H adatoms in the form of hydrogen gas, thereby
generating LIBCH and LiCBH. Additionally, this finding con-
firms the dynamical instability [Fig. 6(f)] of the structure
LiBCH, to the left side of reaction

2LiBCH — H; + 2LiBC. (E5)

The monolayer LiBC, shown in Fig. 1(b), can be fully op-
timized from DFT. The calculated change in total energy of
LiBCH and LiCBH are 1.154 (AEy¢) and 1.075 (AEyp) eV,
respectively. Therefore, the fact that this reaction does not
result in further reduction of internal energy provides evidence
for the thermodynamic stability of LiBCH and LiCBH:

LiBCH — H + LiBC. (E6)

The H is the isolated atom obtained from formula (13). The
calculated change in total energy of LiBCH and LiCBH are
2.698 (AEsc) and 2.619 (AE3p) eV, respectively. Therefore,
over the perspective of energy, the cost of dehydrogenation of
LiBCH and LiCBH as the form of H atom is adverse.

Hence the energy consideration indicates that the forma-
tion of hydrogen gas [H;, formula (17)] and atomic hydrogen
[H, formula (18)] from the ground state structure of LiBCH
and LiCBH is not thermodynamically favorable. It is obvious
that the LiBCH and LiCBH that we investigated are energetic
preferred structures. The above related parameters can be
obtained in Table III.

In brief, for three perspectives of cohesive energy, forma-
tion energy, and energetic preference, we fully prove that the
LiBCH and LiCBH possess the thermodynamic stability and
possibility of experimental synthesis.

2. Elastic constants: Mechanical stability

Furthermore, based on the calculation of elastic constants
C;j, we also determine the mechanical stability of LiBCH
and LiCBH. Due to the symmetric structure (space group
P3m1) of them, half of the four independent elastic constants
(C11, Ciz, Cy, and Cgg), namely Cj; and Cj,, have to be

ONEN " .l

O .

FIG. 11. (a), (f) Space electron density; (b), (g) 2D charge
density display in B and C atomic plane; (c), (h) charge density
difference relative to the superposition of space electron density; (d),
(i) electron localization function (ELF) of the total electron density
(isovalue 0.65); (e), (j) 2D ELF maps of the (110) plane generated
by Li, C, B, and H atoms, for LIBCH and LiCBH, respectively. The
dark green, brown, light green, and pink spheres represent B, C, Li,
and H atoms, respectively.

calculated. This is attributed to Cy, = Cy1, C12 = Co1, and Ceg
can be obtained from the formula of Cg = (Cy; — C12)/2.
Next, with the calculated elastic constants and Born criteria,
we can evaluate the mechanical stability of the investigated
materials. Other elastic parameters, involving Yong’s Y>p and
shear modulus S,p, and Poisson’s ratio v, can be calculated

with the former elastic constants C;;, following the formulas

[100]
c? —C?
W=
Ch—-C
Sop = Ces = %, (E8)
Cp2
v=—. (E9)
Ci
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Fermi Velocity B-Coc B-Cn H-s Li-p

0.0926 W= I 0316 0 I— m 0.0147 O I— m 0.0925 g & am 0.222 O I— m 0.237
B B-s B-p, B-p, B-p,
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FIG. 12. FSs of LiBCH with different indexes, which are listed at the bottom of subgraphs. The numerical values represent the weight of
different indexes and increases from blue to red. The high symmetric route along with I'-M-K-T" is shown in the first subgraph with the index

of Fermi velocity.

Theoretically, applying small strains to the fully optimized
structures, the elastic constants can be extracted from the en-
ergy variation, where the method accords well with other 2D
materials [82,101,102]. In this paper, the strain from —0.015
to +0.015 with a step of 0.005 is used to valuate the strain
dependence of elastic energy.

Table IV shows the calculated elastic parameters of LiBCH
and LiCBH. It is demonstrated that the structures of LiBCH
and LiCBH with elastic constants obey Born’s criteria [100]
for mechanical stability, that is, C;; > 0 and C121 — C122 > 0.
It is obvious that the investigated structures are mechani-
cally stable. In addition, the Young’s modulus of LiBCH and
LiCBH are 142.1 and 123.8 N/m, respectively, which are
comparable with the ones of GeC (140.1 N/m) [100], BeC
(145.5 N/m) [103], and MoS; (130 N/m) [104] monolay-
ers and less than that of SiC (163.5 N/m) [100] monolayer
and graphene (340 N/m) [105]. In other words, com-
pared to graphene or SiC monolayer, the structures exhibit
greater flexibility and can tolerate deformations with larger
amplitudes.

Polar diagrams for Y»p, S>p, and v of LiBCH and LiCBH
are drawn in Fig. 8. The flawless circular shapes observed in
the angle-dependent Young’s, Shear modulus, and Poisson’s
ratio plots indicate that the materials mechanical properties
are not influenced by the angle, as the consequence of in-
plane isotropy of LiBCH and LiCBH. It is also similar to
other isotropic structures, for instance, graphene [106] and
hexagonal Janus [107-109].

APPENDIX F: PHONON SPECTRA—DYNAMIC
STABILITY

Last, the simulated phonon spectra play a significant role
in determining the dynamic stability of a new 2D material. As
shown in Fig. 9, based on the DFTP method in QE (colored
solid lines) and the Vienna ab initio simulation package (VASP)
[110] (black dotted lines) code, we also investigate the phonon
spectra from O to 50 meV of LiBCH and LiCBH along the
high-symmetry points I'-M-K-T" in the BZ. An imaginary
frequency is assigned to indicate the presence of an unstable
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FIG. 13. FSs of LiCBH with different indexes, which are listed at the bottom of subgraphs. The numerical values represent the weight of
different indexes and increases from blue to red. The high symmetric route along with I'-M-K-T" is shown in the first subgraph with the index

of Fermi velocity.

phonon mode. In fact, no imaginary frequency appears in
the partial phonon spectra of Fig. 9, whether QE or VASP
in the calculations. Thus the provided evidence thoroughly
demonstrates the dynamic stabilities of LIBCH and LiCBH.

APPENDIX G: ELECTRONIC SUSCEPTIBILITY

Generally, the real and imaginary parts of electronic sus-
ceptibility, which draw from the full energy range and the
low-frequency region, respectively, are used to characterize
the stability of the electronic system [111,112] and FS nest-
ing [42]. They can be calculated [42] by the following two
formulas:

x'(q) = ZM, (G1)
k

€k — €k+q

lim x"(q, @)/ = ; dlek — er)d(ekrq — ). (G2)

respectively. Here, € (ex1q) and ep are band energies mea-
sured from the Er at the wave vectors k (k+q) and the Fermi
energy, respectively.

As shown in Figs. 10(a) and 10(c) of x'(q), the regions
with strong values appear around the BZ boundary. It means
that the stability of the electronic system comes from the B-C
graphenelike net. As for x”(q) of Figs. 10(b) and 10(d), it
maps all complete FS nests to themselves at the I" point, which
has no tangible physical significance [42]. Other slightly
strong values occur both around and in between the B/C
atoms. While due to the absence of obvious peaks of nesting
function and in conjunction with Figs. 2(b) and 2(c), it does
not provide significant benefits for EPC, unlike Janus MoSH
[42] and 1T-VSe; [113].

APPENDIX H: ELECTRONIC PROPERTY

The above subsection fully proves the stability of inves-
tigated monolayers. Here, the overall analysis of electronic
property can be implemented step by step in this subsection.
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Li-xy

I
1 1
r M PhDOS

FIG. 14. Calculated phonon dispersions weighted with atomic vibrations for (a)—(c) LiBCH and (e)—(g) LICBH. xy and z, shown as red and
cyan, are in-plane and out-of-plane atomic vibrations, respectively. Projected PhDOSs for (d) LiBCH and (h) LICBH. The black, red, green,
cyan, and blue colors represent the vibration distributions of total, B, C, H, and Li atoms, respectively. The corresponding atomic vibrations’
directions for (i)—(1) 2.1% LiBCH and (m)—(p) 3.5% LiCBH.

1. Distribution and transfer of charge and LiCBH are shown in Table V. Charge acquisition occurs
in C and H atoms, while B and Li atoms undergo charge

First, based on the Bader charge [114] calculation, the i - ’
loss. In detail, the charge gains for C and H atoms of LiBCH

quantitative charge transformations for each atom of LiBCH

033241-14



THREE-GAP SUPERCONDUCTIVITY WITH T¢ ...

PHYSICAL REVIEW RESEARCH 6, 033241 (2024)

a2F(w):
v=1-3

FIG. 15. Properties of lattice dynamics and EPC for the mono-
layer LiCBH. (a) Phonon weighted with the EPC parameters Agh
(red), PhDOS, and the total EPC A(w) with the corresponding mode-
resolved Eliashberg spectral function a>F (w). (b) EPC )\gﬁ along the
high-symmetry points I'-M-K-T". (c) EPC Ag" projected in the whole
BZ.

(LiCBH) are 2.066 (2.017) and 0.526 (0.557) electron, re-
spectively; the charge losses for B and Li atoms of LiBCH
(LiCBH) are 1.784 (1.765) and 0.808 (0.809) electron, re-
spectively. With different sites of H atoms, there is a minor
distinction: C atoms of LiBCH can accumulate slightly more
charges than those of LiCBH. Generally, the charges are trans-
ferred from B and Li atoms to C and H atoms.

Next, charge information can be obtained in Fig. 11. As
shown in Figs. 11(a) and 11(f), space charge density distri-
butions of LiBCH and LiCBH, charges congregate around
C, H atoms and B-C bonds. This is in harmony with the
conclusion drawn from Bader charge calculation. In order to
gain a clearer understanding of the charge density distribution
in the B and C atomic planes, as depicted in Figs. 11(b) and
11(g), we also provide their 2D charge density displays, in
which the charge density increases from blue to red and the
black lines are the contour lines. It is also observed that there
is less charge exiting around the B atoms, while the region in
between the B and C atoms, as well as around the C atoms,
exhibits denser contour lines, indicating higher charge density
and possible strong covalent bonds.

To further uncover charge transformation of the different
atomic orbitals, we also show charge density difference in
Figs. 11(c) and 11(h). Here, yellow and blue surfaces show
charge accumulation and depletion, respectively. The yellow
surface emerges in the plane of B and C atoms and around
the H atoms, while the blue surface resides in the hollow sites
perpendicular to the B, C plane and above/below the B, C
atoms. To be more precise, the B and C atomic p, orbitals,
along with the s orbital of the Li atom, experience the charges
loss, while the p,, p, orbitals of C atom and s orbital of H
atom obtain charges. Electron localization function (ELF)
can provide further corroborative evidences to support this,
shown in Figs. 11(d) and 11(i). Obviously, compared with the
loss of the p, orbital of C atom, more charges are injected into

LiBCH LiCBH

m%}' (b)%i (C)% (d)%i;
Ve=8 Va=9 V=38 V=9
b, b,
\—’3 \—’a
c C
(e)( % % (), (g)( % % (h)
Vp=7 v, =8 vy =7 v, =8

FIG. 16. Degenerate £ modes with a frequency of 87.43 and
88.21 meV for (a), (b) LiBCH and (c), (d) LiCBH, respectively.
The corresponding atomic vibrations for (e), (f) 2.1% LiBCH in
73.52 meV and (g), (h) 3.5% LiCBH in 61.28 meV.

the p, and p, orbitals to form the strong covalent o bonds
with B atom, seen as red regions between B and C atoms
in Figs. 11(e) and 11(j). In general, this results to C and B
atomic charge gain and loss, respectively, which accords well
with the conclusions obtained from Bader charge and charge
density distribution.

In addition, for LiBCH, there are four van Hove singulari-
ties (or saddle points) located at M (—2.37, —1.95, 0.82, and
3.34 eV) points, while the two near flat bands along with M
and K points (around 0.61 and 3.91 eV) appear in LiCBH.
They are pointed out with arrows and distinguished different
dominant contribution orbitals by colors.

2. Fermi sheets and their anisotropic distribution

See Figs. 12 and 13 for Fermi sheets and their anisotropic
distribution.

APPENDIX I: PHONON VIBRATION

Phonon vibration is presented in Fig. 14.

APPENDIX J: EPC PARAMETERS Xgh OF LiCBH
The SDOS can be calculated with the following formula:

Ns(@) _ Re[w/vw? — A2(w)], a1

Nr

FIG. 17. Phonon spectra of (a) LiBCH and (b) LiCBH beyond
the limit of biaxial stretching.
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TABLE VI. Symmetry, vibration (IP and OP represent in-plane and out-of-plane, respectively), activity (/ and R denote infrared and Raman
activity, respectively), and frequency (w in meV) of the nine optical vibrational modes at the I" point.

LiBCH LiCBH
Modes  Symmetry Vibration Activity 10} Modes  Symmetry Vibration Activity w
0% 0%
4,5 E IP H and Li I+R 29.76 4,5 E IP H and Li I+R 24.39
6 Ay OP H and Li I+R 34.48 6 Ay OP Li with a little OP H I+R 32.13
7 A OPH I+R 87.40 7 A OPH I+R 80.52
8,9 E IPB/C I+R 87.43 8,9 E IPB/C I+R 88.21
10 Ay OPB/C I+R 96.74 10 Ay OP H with a little OP B/C I+R 98.40
11,12 E IPH I+R 128.79 11,12 E IPH I+R 130.91
2.1% 3.5%

4,5 E IP H and Li I+R 29.73 4,5 E IP H and Li I+R 23.83
6 A OP H and Li I+R 32.83 6 Ay OP Li with a little OP H I+R 29.35
7.8 E IPB/C I+R 73.52 7,8 E IPB/C I+R 61.28
9 Ay OPH I+R 84.62 9 Ay OPH I+R 76.86
10 A OPB/C I+R 98.16 10 Ay OP H with a little OP B/C I+R 99.50
11,12 E IPH I+R 128.59 11,12 E IPH I+R 131.30

where “Re” represents the gap A(w) projected on the real axis.
The Ns(w) and N are the electron DOS of superconducting
and normal states at Er. (See also Fig. 4).

APPENDIX K: ATOM VIBRATION WITH THE

DEGENERATE E MODES OF LiBCH AND LiCBH

Atom vibration with the degenerate £ modes of LiBCH
and LiCBH are shown in Table VI and Fig. 16.

APPENDIX L: PHONON DISPERSIONS COMPARISON
FOR LiBCH AND LiCBH WITH AND WITHOUT THE
BIAXIAL STRAINS

Phonon dispersions comparison for LiBCH and LiCBH
with and without the biaxial strains is shown in Fig. 17.

APPENDIX M: BOOST OF T,.—THE EFFECT OF BIAXIAL
STRAIN

The effect of biaxial strain is shown in Fig. 18.

a’F(0)

(d)125F

® (meV)
W ~J
wn

FIG. 18. Properties of lattice dynamics and EPC for LiBCH and LiCBH at the stretching limit of ¢ = 2.1% and 3.5% strains, respectively.
For LiBCH: (a) phonon weighted with the EPC parameters Ag" (red), PhDOS, and the total EPC A(w) with the corresponding mode-resolved
along the high-symmetry points I'-M-K-I'; (c) EPC }\{l"’ projected in the whole BZ. (d)—(f)
The corresponding properties for LICBH at & = 3.5% strain.

Eliashberg spectral function o*F (w); (b) EPC A2"

v
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