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In recent years, superconductivity in two-dimensional (2D) layered metal borides has aroused much interest.
Here, based on first-principles calculations, we theoretically report four 2D hydrogenated metal diborides:
M,B,H (M = Al, Mg, Mo, W), and investigate their geometrical structures, electronic structures, phonon
dispersions, thermal stability, dynamic stability, electron-phonon coupling (EPC), superconducting properties,
and so on. Results reveal that the introduction of hydrogen atoms expands the frequency range of the phonon
spectrum of monolayer M,B,, and significantly increases the EPC. We systematically analyze the specific
origins of superconductivity in these hydrogenated low-dimensional systems. The obtained EPC constants A of
M,B,H (M = Al, Mg, Mo, W) are 2.93, 0.86, 1.09, and 1.40, and the corresponding superconducting transition
temperatures (7;.) are 52.6, 23.2, 21.5, and 18.6 K, respectively. By further applying electron/hole doping or
biaxial tensile strain, the 7, can be further increased, with the highest 7, of 60.2 K in Al,B,H under 0.4% biaxial
tensile strain. The predicted M,B,H provides a new platform for 2D superconductivity and may have potential

applications in 2D nanodevices.
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I. INTRODUCTION

With the rapid progress of low-dimensional nanotechnol-
ogy, the fabrication of various types of two-dimensional (2D)
materials becomes possible, such as graphene [1], silicene
[2,3], transition-metal dichalcogenides [4-7], h-BN [8,9],
etc., which have drawn much attention in condensed-matter
physics and materials science. Two-dimensional supercon-
ductors are continuously drawing much interest due to their
potential technology applications [10], such as the realization
of next-generation quantum information techniques. Explor-
ing 2D superconductors with high 7; has become a hot spot
in condensed matter physics [11]. Actually, it has been the-
oretically predicted that alkali metal Li and Ca deposited
graphenes, i.e., LiCq and CaCg, can be superconductors with
T. of 8.1 and 1.4 K, respectively [12]. Later, angle-resolved
photoemission spectroscopy (ARPES) proof for a supercon-
ducting gap in LiC¢ with an estimated 7. about 5.9 K
was experimentally reported by Ludbrook et al. [13]. The
aluminum-deposited graphene AICg was also theoretically
predicted to be a superconductor with 7, of 22.2 K through
hole doping and biaxial tensile straining [14]. Additionally,
Savini et al. theoretically investigated that carrier doping and
tensile strain can also induce conventional superconductivity
in graphene [15]. Similar calculations were also carried out for
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silicene and phosphorene, with 7, found to be about 15.5 and
12.2 K, respectively, for electron-doped silicene and phospho-
rene under the application of tensile strain [16—18].

According to the Bardeen-Cooper-Schrieffer (BCS) the-
ory, elements with light mass, due to their relatively high
Debye temperature, are able to generate strong phonon-
mediated superconducting pairing. Ashcroft predicted that
dense metallic hydrogen may be a candidate for high-
temperature superconductivity in 1968 [19]. However, the
superhigh pressure required to fabricate dense metallic hydro-
gen exceeds 400 GPa and high-temperature superconductivity
in pure hydrogen systems still needs further experimental
confirmation [20,21].

As the lightest nonmetallic element besides hydrogen and
helium, boron or its compounds have been extensively stud-
ied. Borophene, a 2D boron sheet possessing various novel
physical properties [22-25], is expected to serve as a new
functional material or a precursor for constructing boron nan-
otubes [26] and has been successfully grown on the Ag (111)
surface through directly evaporating a pure boron source. Two
types of borophene structures were unveiled in experiments,
namely B, and x3 borophene [27,28]. Subsequent theoretical
calculations predicted them to be superconductors with 7. to
be 18.7 and 24.7 K, respectively [25]. Bilayer borophenes, i.e.,
BL-B¢ and BL-B3, were also predicted to be superconductors
with 7, of 11.9 and 4.9 K, respectively [29].

Moreover, except for pure boron systems, a series of 2D
metal borides have been systematically investigated, including
orthorhombic and hexagonal MBg, which were theoretically
predicted to be superconductors with 7; in the range of
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1.4-22.6 K [30]. Metal borides MB4, where M represent Li,
Be, Mg, Al, Ca, Ga, have been predicted to be superconduc-
tors with 7, exceeding 20 K [31-33]. 2-MnBs, contains two
boron kagome layers sandwiched with Mn atoms, exhibits
metallic properties with 7, of 24.9 K. In addition, evidence of
three-gap nature with high 7, of 41.5 and 53.0 K were found
through theoretical calculations in InB, and InB4 monolayer
films, respectively [34]. Surface superconductivity with high
T. up to ~90 K was predicted at the surfaces of ternary
compound CaB,,1C,+1 (n =1,2,3,...) films [35].
Previous works have indicated that hydrogenation can
modify the electronic and magnetic properties of 2D systems
and may also produce high-7, superconducting states. For
instance, fully hydrogenated graphene, frequently referred to
as graphane, with hydrogen atoms bonded to carbon atoms al-
ternatively on both sides of the carbon plane, was theoretically
predicted to be a phonon-mediated superconductor with 7, up
to 90 K under hole doping [36]. Similarly, it was predicted
that, after hydrogenating the P atoms, monolayer PCj3 turns
from a semiconductor into a superconducting phase with 7
being ~31.0 K [37]. Fully hydrogenated monolayer hexag-
onal boron nitride H,BN, which has a direct band gap, can
be converted into a superconductor with 7, over 80 K under
hole doping and biaxial tensile strain [38]. Most recently, Liu
etal. found through theoretical calculations that the previously
synthesized Janus MoSH monolayer, obtained by substituting
the top layer S of MoS, with H atoms [39], is a two-gap super-
conductor with 7 being about 28.5 K, which can be boosted to
37.3 K via electron doping [40]. Additionally, it was predicted
that hydrogenated CaBs3, i.e., HCaB3, with a boron kagome
lattice, is a superconductor with 7, close to the McMillan limit
(39 K) [41]. Previous calculations demonstrated a three-gap
nature with 7; of 20 K in the monolayer MgB, [42], while the
hydrogenated MgB, yields a high 7; of 67 K, which can be
further boosted to over 100 K by merely 5% of biaxial tensile
strain [43]. Our recent study shows that hydrogenated titanium
diboride Ti,B,H4, converts the Ti,B, from a normal metal
into a superconductor with 7, of 48.6 K, which can be further
boosted to 69.4 K by applying biaxial compressive strain [44].
Therefore, it is of great significance to study the effects
of hydrogenation on the electronic properties and possi-
ble high-temperature superconductivities in 2D borides. In
the present work, we report four 2D hydrogenated metal
diborides: M>B,H (M = Al, Mg, Mo, W), with one honey-
comb boron atomic layer sandwiched by two layers of metal
atoms, while H atoms are located above the boron atoms and
bond only with metal atoms. We systematically investigate
their crystal structures, bonding properties, electronic prop-
erties, phonon dispersions, electron-phonon coupling (EPC)
strength, and possible superconductivity by performing first-
principles calculations. Based on the Eliashberg function,
by analytically solving the McMillan-Allen-Dynes formula,
we find that these 2D hydrogenated metal diborides are all
phonon-mediated superconductors, with the EPC constants A
of 2.93, 0.86, 1.09, and 1.40, and the corresponding 7.s of
52.6, 23.2, 21.5, and 18.6 K, respectively. The underlying
mechanism of their superconductivity is carefully analyzed. In
addition, since the external regulatory measures play a critical
role in regulating the electronic structure and superconductiv-
ity of the 2D systems, the effect of electron/hole doping and

tensile/compressive strain engineering on EPC strength and
superconducting properties of M;B,H monolayers are also
systematically discussed.

II. COMPUTATIONAL DETAILS

First-principles calculations within the framework of den-
sity functional theory (DFT) [45] are performed by using the
well-established Quantum-ESPRESSO (QE) package [46,47].
The Perdew-Burke-Ernzerhof (PBE) parametrized general-
ized gradient approximation (GGA) is chosen to describe
the exchange-correlation energy [48,49]. The projector-
augmented-wave (PAW) pseudopotential [50] is utilized to
model the interaction between electrons and ionic cores with
plane-wave kinetic-energy cutoff and energy cutoff for charge
density of 80 and 800 Ry, respectively. Lattice constants and
atomic positions are fully optimized by using the conjugated
gradient algorithm and the energy and force convergence
criteria are set to be 108 and 10~7 Ry a.u.™', respectively.
To decouple the adjacent layers, a sufficiently vacuum space
of 25 A along the z direction is adopted. Density functional
perturbation theory (DFPT) [51] is employed to calculate
the dynamics matrix and EPC parameter within the range of
linear response and as input to solve the isotropic Eliashberg
equation. The phonon and EPC properties are calculated on a
12 x 12 x 1 g-point grid, and a denser 48 x 48 x 1 k-point
grid is used for evaluating an accurate electron-phonon in-
teraction matrix. The ab initio molecular dynamics (AIMD)
simulations implemented in the Vienna Ab initio Simulation
Package (VASP) [52] are employed at 400 K to investigate the
thermal stability of these 2D M,;B,H monolayers. 3 x 3 x 1
supercells with a time step of 1.5 fs and total simulation of 6
ps are adopted.

The EPC properties and possible superconductivity are
calculated based on the Eliashberg equations. The total EPC
constant A is obtained via isotropic Eliashberg function
[53-55]
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where a’F () is the Eliashberg function, N(Er) is the elec-
tronic DOS at the Fermi level, wg, is the phonon frequency
of the vth phonon mode with wave vector ¢, and yg, is the
phonon linewidth. The yq, can be estimated by
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where Q5 is the volume of the Brillouin zone (BZ), €, and
€k+qn indicate the Kohn-Sham energy, and gy, \,, repre-
sents the screened electron-phonon matrix element. A4, is the
EPC constant for phonon mode qv, which is defined as
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(M=Al, Mg, Mo,W)

FIG. 1. Side and top views of the M,B,H (M = Al, Mg, Mo, W)
monolayers. The metal, boron, and hydrogen atoms are represented
by blue, green, and pink spheres, respectively. The unit cell is shown
by the black solid line.

T, is estimated by the modified McMillan formula [55]

Wlog —1.04(1 + 1)
T. = exp .
1.2 A —p*(140.621)

)
The hysteretic Coulomb pseudopotential ©* in Eq. (5) is set

to 0.1, and the logarithmic average of the phonon frequencies
wiog 18 defined as
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For the EPC cases A > 1.30, T;. is estimated by the full Allen-
Dynes formula [55]
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Here, fi and f, are the strong-coupling correction factor and
the shape correction factor, respectively, with
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III. RESULTS AND DISCUSSION

A. Lattice structure

The optimized lattice structures of monolayer M,B,H
(M = Al, Mg, Mo, W) possess trigonal symmetry with space
group of P3/m1 (No. 156). Their lattice structures in the side
and top views are shown in Fig. 1. The honeycomb boron
atomic layer is sandwiched by two layers of metal atoms
standing above/below the centers of the honeycombs. The H
atoms are located above the boron atoms and bond only with
the metal atoms. For metal and B atomic layers in monolayer
M;B,, upper and lower metal atoms bond with six B atoms
to form a dodecahedron with the triple layers stacking in ABA
order. Meanwhile, the B atoms are anchored and stabilized
by the two metal layers, leading to the high stability of these
2D materials. The detailed optimized lattice parameters are
listed in Table I. The lattice constants a of monolayer Al,B,H,
Mg,B,H, Mo,B,H, and W,B,H are 2.962, 3.072, 3.043, and
2.985 A, respectively. It is found that the introduction of H
atom makes the honeycomb boron layer no longer flat but
wrinkled to different degrees. This fold strength gradually
decreases from Al and Mg to Mo and W structures, espe-
cially in Al B,H, but becomes almost no longer perceptible in
Mo,B,H and W;,B,H. For comparison, the optimized lattice
parameters of M>B, (M = Al, Mg, Mo, W) are also listed in
Table I, which is quite consistent with previous work [33].
Hydrogenation slightly increases the lattice constant a of
Al;B,, and on the contrary, slightly decreases those of Mg, B,
MOZBZ, and W2B2.

To analyze the bonding properties, we have performed
the Bader charge analysis [56], electron localization function
(ELF) [57], and line charge distribution at the corresponding
bond point (CD;) [58] along the nearest B-B, M-B, and M-
H bonds. Pseudopotentials with valence electrons containing
3523p' for Al atoms, 3s23p° for Mg atoms, 4d>5s' for Mo
atoms, 5d*6s> for W atoms, 2s°2p' for B atoms, and Ls'
for H atoms are adopted. By analyzing the ionicity according
to the Bader charge, displayed in Table II, it can be found
that Al atoms transfer the most electrons, reaching 3.031e,
while the least Mo atoms transferred 1.246e. The metal atoms
always lose electrons, and the lost electrons transfer to their
neighboring H atoms and graphene-like boron atomic layer,
so as to strengthen the bonding of B-B. The CD,(B-B) val-
ues for these four M,B,H monolayers vary in the range of
0.119-0.133 e per a.u.?, which are higher than that of the Si
covalent bond (0.104 e per a.u.®) [58], indicating that the B

TABLE 1. Lattice parameter a, perpendicular distance between metal atomic layer d (A), atomic fluctuation height of boron atomic layer
Ad (A), bond lengths (A), and cohesive energy (eV /atom) of M,B, and M,B,H monolayers.

a d Ad M,-B,/M>-B, M,-B,/M>-B, B,-B, M,-H Eeon
ALB, 2.937 3.471 2.427 2427 1.696 4.97
Mg,B, 3.105 3.430 2.476 2.476 1.786 3.96
Mo,B, 3.067 2.847 2272 2272 1.771 8.29
W,B, 3.045 2.882 2.273 2.273 1.758 8.46
ALB,H 2.962 3.364 0.153 2.315/2.486 2.421/2.377 1.717 1.957 4.64
Mg,B,H 3.072 3.498 0.036 2.522/2.460 2.547/2.436 1.774 2.022 3.91
Mo,B,H 3.043 2.937 0.004 2.316/2.264 2.315/2.265 1.757 2.053 7.44
W,B,H 2.985 3.085 0.005 2.337/2.289 2.334/2.293 1.723 2.038 7.55
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TABLE II. Bader charge (Qp) and charge density at the corresponding bond point (CD,) for the 2D M,B,H.

CD, CD, CD, CD, CD, CD,

Owm, Owm, Os, Os, On M,-B, M,-B, M;-B, M>-B, B,-B, M,-H

Al,B,H 1.035 1.934 4.075 4.118 1.838 0.056 0.052 0.042 0.047 0.132 0.044
Mg,B,H 0.417 0.789 3.904 4.076 1.814 0.037 0.036 0.041 0.043 0.124 0.038
Mo,B>H 5.182 5.554 3.558 3.298 1.408 0.066 0.067 0.073 0.071 0.115 0.049
W,B,H 5.110 5.492 3.612 3.373 1.410 0.069 0.070 0.073 0.072 0.119 0.053

layers own slightly stronger covalent bonds than Si. The ELF
values, as presented in Fig. S4 of the Supplemental Material
(SM) [59], are about 0.8—0.9 between neighboring B atoms for
these M,B,H monolayers, also suggesting the strong covalent
bonds of the B layers. The B-B covalence has also been proved
in previous works [30,60,61]. Additionally, charge transfer
and small ELF values between M-B and M-H also suggest
the formation of ionic bonds. Therefore, for the investigated
2D M,B;H, covalent bonding generally exists in B-B bonds,
while ionic bonding exists between metals and nonmetals.

B. Stability

To explore the stability of these M;B,H monolayers, we
calculate the phonon dispersions along the high-symmetry
lines as well as the phonon density of states (PhDOS) to
evaluate the dynamic stability. No imaginary modes confirms
the lattice dynamic stability of these thin films. A detailed
discussion of the phonon dispersions will be supplied later.
In addition, thermal stability is essential for the practical
application of these 2D M;B,H in nanoelectronic devices or
electrode films. In order to investigate the thermal stability,
AIMD simulations are performed with total simulation time
of 6 ps at 400 K. Presented in Fig. S5 of the SM [59] are the
variations of total energies with time for the M;B,H mono-
layers. The snapshots after 6 ps are also shown. It can be
seen that their energy fluctuates around —208, —174, —338,
and —367 eV, respectively, and the structures still main-
tain the integrity, proving their thermodynamical stability.
Additionally, cohesive energy is a widely accepted parameter
used to evaluate the stability of materials. The cohesive energy
is calculated based on the following equations:
2Ey + 2Eg — Ep,B,

Econ = 4 (11
fOI'Msz and
2Ey + 2Eg + Ey — Eyg,
Eeqp = M B . H M,B,H (]2)

for M,B,H, where E);, Eg, and Ey represent the total energies
of the isolated metal, B, and H atoms, respectively; Ej,g, and
Eu,B,u are the total energies of the 2D M;B, and M,B,H.
In view of this definition, materials with more positive E.q,
indicate a higher chemical stability. The calculated cohesive
energies of MB,H are 4.64, 3.91, 7.44, and 7.55 eV /atom,
respectively. The cohesive energies of these 2D M,;B,H are
larger than those of the previously computationally predicted
and later experimentally fabricated 2D materials, such as
phosphorene (3.61 eV /atom), silicene (3.71 eV /atom) [62],
and Cu,Si (3.46 eV /atom) [63,64]. This ensures the thermo-
dynamic feasibility of these thin films and indicates that the
predicted M,;B,H monolayers are possible to be synthesized
under appropriate experimental conditions.

C. Electronic structure

To investigate the electronic structure properties of mono-
layer M,;B,H, the orbital-resolved band structure, electronic
density of states (DOS), as well as the orbital-projected DOS
(PDOS) are calculated and presented in Fig. 2. The cor-
responding Fermi surfaces (FSs) with high-symmetry path
along I'-M-K-I" are shown in Fig. 3. The electronic struc-
ture properties of M,;B, monolayers are presented in Fig. S2
of the SM [59], with results quite consistent with previ-
ous research [33]. From the orbital-resolved band structures,
it can be seen that all these 2D materials exhibit metallic
properties, with several bands crossing the Fermi level. For
Al;B,H, Mo;,B,H, and W;,B,H, metal atoms dominate the
bands around the Fermi level and play a prominent role in
their metallic properties, while B atomic orbitals have limited
contribution, especially in Mo,B,H and W;,B,H, in which
B atoms have almost no component around the Fermi level.
Things go a little differently for Mg,B,H, where B’s contri-
bution dominates. However, the role of Mg in it also cannot
be ignored. More specifically, in Al;B,H, the projected or-
bitals that mainly dominate the Er are Al 3s followed by B
2p.. Differently, for Mg,B,H, B atomic orbitals play a more
prominent role than Mg, and the Er is dominated by B 2p,,
followed by Mg 3s, while for Mo,B,H, 4d,» and 4d../d,,
orbitals of Mo contribute almost equally to the Fermi level.
For W,B,H, Er is dominated by 5d,. and 5d../d,,.. The contri-
bution of H atoms in these four structures to the composition
of bands around the Fermi level is extremely limited. This
is different from hydrogenated MgB,, where the 7-Hs state
formed by hybridizing B-p, and H-s orbitals carries the most
DOS [43]. The above conclusions can also be confirmed from
DOS and PDOS presented at the right of each band structure.
The properties of energy bands crossing the Fermi level are
also different. The conduction band crosses the Fermi level in
Al,B,H, while for the remaining three cases it is the valence
band.

Combining FSs, with the color drawn to indicate the rel-
ative Fermi velocity vg, reflecting the different slopes of the
bands that constitute the FS, and orbital-resolved band struc-
ture, it can be seen that for Al,B,H, only a single band is
crossing the Ep, forming a large hexagonal I'-centered hole
pocket and two K-centered pockets, with an inner horseshoed
electron pocket and external hole pocket. The highest vgp
mainly originates from the band crossing the Fermi level
along the I'-M direction, while the low velocity mainly ap-
pears when crossing the hole pocket along the M-K directions.
For Mg,B,H, three bands are crossing the Fermi level four
times along the I'-M and K-I" directions, forming four I'-
centered pockets. The inner two are hole pockets, originating
mainly from B 2p,/p,, carrying the maximum and minimum
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FIG. 2. Orbital-projected electronic band structures of (a), (b) AL,B,H; (e), (f) Mg,B,H; (i), (j) Mo,B,H; and (m), (n) W,B,H along
high-symmetry line I'-M-K-T". (c), (g), (k), (0): The total DOS and PDOS of M,B,H (M = Al, Mg, Mo, W). (d), (h), (1), (p): The PDOS for
the specific orbitals of M,B,H. The Fermi level indicated by the dotted line is set to 0 eV.

vr when crossing the Er along the I'-M directions, respec- and two bands crossing the Fermi level along the I'-M, M-K,
tively. The two outer pockets are both mainly from the Mg 3s and K-I' directions, respectively. Centered around I' is an
and B 2p_, with the inner one an electron pocket and the outer ~ electron pocket originating mainly from Mo 4d,._,>, while
hexagonal-like hole pocket. For Mo,B,H, there are three, one, M-centered is a horseshoed hole pocket dominated by Mo
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Min I

Bl Max

FIG. 3. FSs of (a) ALLB;H, (b) Mg,B,H, (c) Mo,B,H, and
(d) W,B,H with the color drawn proportional to the magnitude of
the Fermi velocity vp.

4d,,/d,.. Stretching across M and K is also a big arc-like hole
pocket mainly derived from Mo 4d,. and B 2p. Additionally,
inside the large hole pocket is a small oval-shaped electron
pocket, which mainly comes from Mo 4d. and 4d,/d,.. The
highest vy occurs when crossing the first electron pocket
along the I'-M directions. For W,;B,H, the energy bands are
traversing the Fermi level four, one, and five times along
the I'-M, M-K, and K-T" directions, respectively, forming
three I"-centered electron pockets, with the inner hexagonal
one, owning the lowest vy, originating mainly from W 5d,.
while the next owning the maximum vy mainly contributed
by W 5d,._y»/d,,. The same as Mo,B,H, M-centered is a
horseshoed hole pocket dominated by W 5d../ dy. In the mid-
dle of K-T' is also an electron pocket contributed by 5d,» and
5d,,/d,,. Interestingly, the highest vg of these four structures
always distributes on the I'-centered pocket. For Al, Mg, Mo
based thin films, it is the first pocket, while for W,B,H it is
the second one.

D. Electron-phonon coupling and possible superconductivity

In order to investigate the EPC strength and super-
conductivity of these 2D M,B,H, the phonon dispersions,
phonon density of states (PhDOS), Eliashberg spectral func-
tion «2F (w), as well as A(w) are calculated and presented in
Fig. 4. For comparison, phonon dispersions of M;B, (M =
Al, Mg, Mo, W) monolayers are also present in Fig. S2 of the
SM [59], which are very consistent with previous work [33].
Phonon dispersions without imaginary modes clearly indicate
that these 2D metal diborides are all dynamically stable. The
phonon spectrum shows a wide range of frequency extending
up to over 1000 cm~!. It is understandable that light elements
would generate high phonon frequencies [43,65]. From the

decomposition of phonon spectrums with respect to M (M =
Al, Mg, Mo, W), B and H atomic vibrations, and the PhDOS,
it can be found that for these M;B,H monolayers, vibrations
of metal atoms dominate the low frequencies, while the inter-
mediate and high frequencies are characterized by vibrations
of B and H atoms. Additionally, one out-of-plane mode and
two in-plane modes of metal atoms mainly constitute the three
acoustic branches for all these M;B,H monolayers, and the
highest optical branch is always contributed by the vibrations
of H atoms.

Specifically, for Al,B,H, one may note the apparent Kohn
anomaly in the middle along the K-I" direction in the low-
energy region (0-210 cm™!), mainly associated with the
in-plane vibrations of Al atoms, contributing 58% of
the total EPC (A = 2.93). Such kind of Kohn anomaly in
the acoustic branch is generally a clue for the softening
of the lattice. Phonon dispersion weighted by the magnitude
of EPC Aq, shown in Fig. 4(b) indicates that the region with
the Kohn anomaly in the middle of the K-I" path possesses
the largest EPC, consistent with the integrated EPC distri-
butions presented in Fig. 5(a), which is the sum of the Ag,
of all phonon branches in the plane of g, =0 [40]. The
phonons (210-610 cm™') along the I'-M direction near T,
mainly associated with the H,, vibrations, corresponding to
the I'-centered red circle area exhibited in Fig. 5(a), contribute
39% of the total EPC. The rest is contributed by the phonons
distributed in the high-frequency region associated with the
B,, and H; vibrations, accounting for only about 3%. Three
main vibration modes of the Al,B,H monolayer at the large
EPC magnitude Aq, in the BZ are shown in Fig. 6(a), with the
vibration frequencies shown below each graph. The arrows
represent the directions of atomic vibrations. Since the total
EPC constant X (2.93) of Al,B,H is greater than 1.30, belong-
ing to strong-coupling superconductors, the full Allen-Dynes
formula is more appropriate for evaluating the superconduct-
ing transition temperature 7.. By solving Egs. (7)—(10), the
obtained strong-coupling correction factor and the shape cor-
rection factor are f| = 1.218 and f, = 1.203, respectively,
and finally the obtained 7. for Al,B,H is 52.64 K (with
wiog = 202.02 K), exceeding the McMillan limit (39 K). Such
value of T, is smaller than that of the hydrogenated monolayer
MgB, (A = 1.46, T, = 67K) [43], but higher than S, and x3
borophene (7, = 18.7K and 24.7 K) [25].

For Mg,B,H, from Fig. 4(e), frequencies below 320 cm™
are mainly dominated by the vibrations of Mg atoms, while
the medium and high frequencies are completely occupied by
B and H vibrations. Combined with the phonon dispersion
weighted by the magnitude of EPC 14, and PhDOS shown in
Figs. 4(f) and 4(g), it can be found that the vibrations below
300 cm ™! mainly associated with the Mg, contribute 48% of
the total EPC (A = 0.86). Phonons from 340 to 420 cm™!,
dominated by B, vibrations, contribute 16% of the total EPC.
The vibrations (420650 cm~') in the full BZ, mainly as-
sociated with the B,, and H,, vibrations, account for about
32% of the total EPC. The rest is contributed by the phonons
distributed in the high-frequency region associated with the
H vibrations, accounting for only about 4%. The area with
strong EPC is mainly located around the I" point, consistent
with the integrated EPC distributions, with a red hexagonal-
like I'-centered area representing strong EPC, presented in

1
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FIG. 4. (a), (e), (i), (m): Phonon dispersions of M,B,H weighted by the vibrational modes of M (M = Al, Mg, Mo, W), B, and H atoms.
The vibration directions represented by the different colored circles are also shown in the legend. xy represent in-plane vibrations and z
represents out-of-plane vibrations. (b), (f), (j), (n): Phonon dispersion weighted by the magnitude of EPC Ay, . (c), (g), (k), (0): Total and
atom-projected phonon DOS. (d), (h), (1), (p): Eliashberg spectral function a>F (w) and cumulative frequency-dependent EPC function A(w).
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FIG. 5. The integrated EPC distributions of (a) Al,B,H,
(b) Mg,B:H, (c) Mo,B,H, and (d) W,B,H in the plane of g, = 0.
The high-symmetry path of I'-M-K-T" is also marked.

Fig. 5(b). Three main vibration modes at the large EPC magni-
tude Ag, in the BZ are shown in Fig. 6(b) (see also Table I1I),
consistent with the decomposed phonon spectrum presented
in Fig. 4(e). The finally obtained EPC value X for Mg,B,H is
0.86 with 7. = 23.25K and wj,; = 430.29 K, slightly higher
than monolayer MgB, (A = 0.68, T. = 20K) [42], indicat-
ing Mg,B,H belongs to intermediate-coupling conventional
superconductors.

The phonon spectra of Mo,B,H and W;,B,H are more hi-
erarchical than that of the former two. The reason for this may
be the large discrepancy of the atomic mass between metal and
nonmetal atoms. The optic phonon bands are more flat and
many optic-optic phonon gaps appear. Additionally, different
degrees of phonon softening also can be observed within their
acoustic-mode range. More specifically, for Mo, B,H, the vi-
bration modes can be divided into three parts: Part I is the
low-frequency range (0-240 cm™~'), where one may note two
apparent Kohn anomalies at the lowest acoustic branch in the
middle along M-K and along K-I" near the K point. Both of
these Kohn anomalies are mainly originated from the in-plane
vibrations of Mo atoms. As indicated by Fig. 4(j), two Kohn
anomalies made major contributions to the EPC, accounting
for approximately 75% of the total EPC (A = 1.09). Part 1I
is the intermediate-frequency range (460-590 cm~!) mainly
associated with the B, and Hy, vibrations, accounting for
about 10% of the total EPC. Part III is the high-frequency
region (above 600 cm™!) associated with the B,, and H; vi-
brations, accounting for about 15%. As shown in Fig. 5(c),
except I', the strong-coupling region is mainly distributed at
the boundary of the BZ, consistent with Fig. 4(j). The three
main vibration modes at the large EPC magnitude A4, in the
BZ are shown in Fig. 6(c), consistent with the decomposed
phonon spectrum presented in Fig. 4(i). The finally obtained
EPC value for Mo,B,H is 1.09, with the corresponding

(a) I
\\;:‘ > \
(6)
235.9 cm™!
(b) I
=) Q %
10,11)
240.0 cm™ 546.9 cm™
(c)
(d)
o4
g
(€Y)
82.3 cm’!

FIG. 6. Vibration modes of (a) AlLB,H, (b) Mg,B,H,
(c) Mo,B,H, and (d) W,B,H at the marked I, II, and III positions
in Fig. 4, which exhibit large EPC and contribute most to the EPC.
The arrows represent the directions of the atomic vibrations. The
numbers of each mode and the vibration frequencies are also shown
below each graph.

T. = 21.54K and wog = 277.25K, smaller than that of Janus
MoSH monolayer (A = 1.40, T, = 28.92K) [40] but larger
than heavily n-doped graphene (A = 0.42, T, = 13K) [66],

TABLE III. The vibration, symmetry, and activity of the modes
in Fig. 6. The activity I refers to the inferred modes and R refers to
the Raman modes.

Modes Vibration Symmetry Activity

AlLBH I Al, B, H, A’

I Al,, H,, A

11 H,, Al
Mg,B,H I Mg, B, H, A

I Mg, , H, Ay I+R

I B,,, Hy, E I+R
Mo,B,H I Mo, E I+R

I Mo,,, H; A

11 Mo,,, H,, A
W,B,H I W, H,, A

I W., By, H; A

11 W, H,, A
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FIG. 7. Phonon dispersions and phonon DOS under different carrier doping for (a), (b) Al,B,H; (d), () Mg,B,H; (g), (h) Mo,B,H; and
(§), (k) W,B,H. Variations of A (red) and T, (blue) along with different carrier doping are presented on the right of each phonon spectrum.

indicating that Mo,B,H, the same as Mg,B,H, belongs to
intermediate-coupling conventional superconductors.

Similarly, for W,B,H, the areas with strong coupling are
also mainly concentrated in the low-energy region. The low-
est acoustic branch also has a small softening in the middle
of M-K, originating from the vibration modes of W atoms,
contribute almost 87% of the total EPC (A = 1.40). The
intermediate-frequency range (430-630 cm™') is mainly as-
sociated with B vibrations, accounting for 5% of the total
EPC. The rest is contributed by the phonons distributed in the
high-frequency region associated with B,, and H vibrations,
accounting for about 8% of the total EPC. The region with
strong EPC is mainly distributed at high symmetry points and
between their paths in the low-frequency range, as shown
in Fig. 5(d). Three main vibration modes at the large EPC
magnitude A4, in the BZ are shown in Fig. 6(d), consistent
with the decomposed phonon spectrum presented in Fig. 4(m).
Since the total EPC constant A (1.40) of W,;B,H is greater
than 1.30, the full Allen-Dynes formula is more appropriate
for evaluating its 7;.. The obtained strong-coupling correction
factor and the shape correction factor are f; = 1.081 and
f2 = 1.053, respectively, and the finally obtained 7. and wjog
are 18.67 K and 153.84 K, respectively, similar to the electron-
doped W)N3 (A = 1.43, T, = 22.76 K) [67].

E. Doping effect

The performance of carrier doping in regulating 2D mate-
rials is very impressive [14,15,36,38,40]. For M;B,H mono-
layers, whether it is feasible to enhance superconductivity
by carrier doping is worth studying. In this work we adopt a
jellium model to simulate the carrier doping effect by directly
increasing or reducing the total electron number of the system.

For each doping concentration, we fully relax the structure
and repeat the calculations of the EPC and superconductivity.
The corresponding phonon dispersions and variations of the
EPC constant A and 7 are presented in Fig. 7.

On the premise of ensuring structural dynamical stability,
Al,B,H can withstand relatively low doping concentration.
In Fig. 7(a), the robust phonon dispersion curves indicate a
dynamically stable nature. It can be seen that under the action
of hole doping, the low-frequency phonon modes tend to be
softened, leading to a larger EPC, while in the case of electron
doping, the situation is exactly opposite. Results indicate that
the EPC strength and 7, of Al,B,H under doping exhibit
trends of first increasing and then decreasing behaviors. Simi-
larly to tetr-W;, B, [68], the largest values of 7. = 54.67 K and
A = 3.21 appear at the hole doping of 0.015 h per cell.

For Mg,B,H, there is an almost linear relationship be-
tween 7, and A with carrier doping concentration, as shown
in Fig. 7(d). We find that when doping more than 0.2 holes,
the phonon spectra will exhibit imaginary frequencies around
the " point. Thus, the largest value of 7, = 30.09K with
A = 1.11 appears at the hole doping of 0.2 h per cell.

For Mo,B,H, it can be seen that electron doping reduces
the phonon modes in the middle and high frequency re-
gions but has little effect on low-energy modes. Interestingly,
under hole doping, in the acoustic-mode range of below
100 cm™!, relative to the pristine structure, a more apparent
Kohn anomaly appears around the M point, which mainly
originates from the in-plane vibrations of Mo atoms and
can be enlarged by deep hole doping. However, different
from our expectation, the normally phonon softening induced
enhancements of EPC and 7, do not occur. Both EPC and
T. are weakened by electron or hole doping, as indicated in
Fig. 7(f).
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For W,B,H, differently from the former cases, the cou-
pling strength and 7, are enhanced by electron doping, since
the Fermi level is shifted upward and the N(Er) is increased.
When doping is over 0.1 e/cell, the 7, is no longer changed.
After EPC beyond 1.30 under electron doping, the full Allen-
Dynes formula is more appropriate for calculating the 7., and
finally the largest value of 7. = 24.39K with A = 1.68 for
W,B,H appears at the electron doping of 0.3 e per cell.

Thus, except for Mo,B,H, the A and 7, of the other three
systems all exhibit varying degrees of enhancement under
the carrier doping effect. This is likely due to the increasing
participation of the electrons in the superconducting Cooper
pairing. The phonon softening also plays partial role in such
enhancement. Anyway, similarly to many other 2D systems
[30,69], carrier doping can also regulate the superconductivity
of M,B,H monolayers.

F. Strain engineering

Since strains will be introduced when the 2D materials are
synthesized on appropriate substrates, the superconducting
properties should be affected. So the real situation in exper-
iments should be different from our calculated freestanding
samples. Therefore, we systematically study the phonon of
the strained M>B,H monolayers by biaxial strains to simulate
the real samples grown on substrates with different lattice
constants. The equibiaxial tensile and compressive strains
have been applied on these four configurations, calculated
by ¢ = “aﬂ x 100%, where a and a( are the strained and
unstrained lattice constants. The positive value means tensile
strain while negative one means compressive strain. For each
case, we fully relax the structures and calculate the EPC and
superconductivity. The calculated phonon dispersions as well

as the variations of the EPC constant A and T are presented in
Fig. 8.

We find that the phonon dispersion of Al;B,H is very
sensitive to the strain, which is only dynamically stable
under the strain region of —1% < ¢ < 0.4%. For simple
comparison, the phonon dispersions under ¢ = —0.3%, O,
0.2%, and 0.4% are displayed in Fig. 8(a). The tensile strain
makes the overall phonon frequency downward, while the
situation is opposite when compressive strain is applied. The
tensile strain causes A to show a trend of increasing, as shown
in Fig. 8(b), while compressive strain always shows negative
effects on coupling. Under tensile strain of 0.4%, the largest
T, of about 60.24 K is obtained.

For Mg,B,H, it is dynamically stable under the strain
region of —4% < ¢ < 9%, indicating that it can bear more
strain than Al,B,H. The effect of strain on phonons is ba-
sically similar to that of the Al,B,H. The variation in EPC
strength presents a trend of first increasing and then decreas-
ing. Under tensile strain of ¢ = 3%, the T, can be modulated
up to about 25.17 K, with A = 0.88. Compared to the pristine
structure (7, = 23.25K, A = 0.86), although tensile strain
changes the electronic structure and phonon dispersion to
some extent, it induces limited effect on 7.

The strain range that Mo,B,H can withstand is slightly
lower than that of the Mg,B,H. Phonon spectra under dif-
ferent strains are presented in Fig. 8(e). Unlike hole doping,
which causes the Kohn anomaly at the M point, a greater Kohn
anomaly will occur under 8% tensile strain in the middle of
I'-M, making it dynamic unstable (see Fig. S6 in the SM [59]).
Such kind of unstable phonon mode may also correlate with
a possible charge density wave state [70]. When the applied
tensile strain is beyond 5%, the EPC strength exceeds 1.30. So
the full Allen-Dynes formula is adopted to calculate T;.. The
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FIG. 9. The integrated EPC distributions of (a) 0.4% tensile
strained Al,B,H, (b) 0.2 hole-doped Mg, B,H, (c) 7% tensile strained
Mo,B,H, and (d) 4% tensile strained W,B,H in the plane of ¢, = 0.

values of A and 7. monotonically increase when strain changes
from —2% to 7%. The maximum value of 7, = 27.05 K with
A = 1.96 appears when 7% tensile strain is applied.

For W;,B,H, the low-energy modes do not undergo signif-
icant changes under the action of strain, while the variation
trend of phonon dispersions in the middle and high frequen-
cies is consistent with the previous three cases. The strength
of EPC and T, also continuously increase under the action
of tensile strain. Interestingly, like Mo,B,H, W;B,H also
exhibits an evident Kohn anomaly at the same location under
5% tensile strain along the I'-M path, making it dynamically
unstable (see Fig. S6 of the SM [59]). Under maximum tensile
strain of ¢ = 4%, the finally obtained 7, can be modulated up
to about 27.37 K with A = 1.92.

Obviously, for M;B,H monolayers, tensile strain can al-
ways have varying degrees of benefit on the enhancement of
EPC and the increase of 7;, which may be due to the softened
lower acoustic-phonon branches. Examples of superconduc-
tivity being enhanced by tensile strain can also be found in
previous works, such as aluminum-deposited graphene [14]
and hydrogenated monolayer MgB, [43]. Contrarily, phonon
hardening induced by compressive strain is confirmed to be
always detrimental to the superconducting properties of the
structure we studied, differently from type-I ort-CaBg, hex-
CaBg [30], Ti,B,H4 [44], and tetr-W;, B, [68], which undergo
a significant enhancement of superconductivity by compres-
sive strain.

G. Discussion

In order to investigate the overall variation of the coupling
strength more intuitively, the integrated EPC distributions of
four systems in the plane of g, = 0 when they reach the
maximum 7, under carrier doping or strain engineering are
presented in Fig. 9. Except for Mg,B,H, which achieved the
most significant enhancement of coupling during hole doping,

the maximum increase in A and 7 of the other three systems
occurs when tensile strain is applied. From Fig. 9(a), it can be
seen that due to the tensile strain applied to Al,B,H being tiny
(¢ = 0.4%), the influence on its lattice is relatively limited. So
the integrated EPC distribution has not undergone too much
change but is more extensive and significant compared to that
of the pristine one. The coupling enhancement in the middle
region of the K-I" path is the result of phonon softening
induced by tensile strain. Since the effect of carrier doping on
the lattice is relatively limited compared to that of the strain
engineering, for Mg, B,H, combined with Figs. 5(b) and 9(b),
the original strong-coupling region becomes stronger under
doping of 0.2 h/cell, especially around the I" and K points. For
Mo, B,H and W;B;H, tensile strain suppresses the strong cou-
pling at K to disappear but induces concentrated and strongly
distributed of EPC around I'. Overall, each structure exhibits
some kinds of enhancement of EPC.

For M,B,H monolayers, the softened phonon modes tend
to result in strong EPC, similarly to 2D borophenes [71], Janus
MoSH [40], and W,Nj3 [67], in which the softened modes in
the low-energy acoustic phonons are characterized by very
large coupling Aq,. Additionally, as for the main source of
EPC, middle and low frequency phonon branches dominate
the EPC of Al,B,H and Mg,B,H, while for Mo,B,H and
W, B, H it is mainly contributed by the lowest acoustic phonon
branch associated with metal atoms. This is different when
comparing with the hydrogenated monolayer MgB, [43], H3S
[72-74], and LaH;y [75,76], in which the optical phonon
vibrations from H in the intermediate and high frequencies
contribute the most to A, but more similar to monolayer Janus
MoSH [40] and W;,N3 [67].

Typically, it should be noted that the predicted value of T,
is highly sensitive to the choice of the empirical parameter p*,
as shown in Eq. (5). To explore the sensitivity of 7, with the
choice of u*, the relationship between them is studied in detail
by setting u* in the range of 0.05-0.15. For all the M,;B,H
materials, the T, is decreased monotonically with the increase
of u*. Take Al,B,H for an example; the 7, reaches the largest
(63.14 K) when the p* is 0.05. As u* increases from 0.05
to 0.15, T, decreases from 63.14 to 44.89 K. In this work,
we choose a typical value of u* = 0.10 and relevant detailed
results are shown in Fig. S7 [59].

In Table IV, we list the superconducting parameters of 1*,
N(EF), wiog, EPC constant A, and 7. for the four M;B,H
monolayers and other 2D borophenes and boride supercon-
ductors. It can be seen that from M,B, (M = Al, Mg, Mo,
W) to M,B,H, the introduction of the H atom always makes
N(EF) increase, with more obvious enhancement of A and
T.. Especially for Al,B,, hydrogenation makes its 7. increase
from almost 0 to over 50 K. For M,B,H (M = Al, Mg, Mo,
W), N(EF) always increases after doping or strain engineer-
ing, while T, and A are also enlarged, indicating that the N(EF)
has a positive effect on superconductivity.

The comparison of 7, before and after hydrogenation of the
four systems, as well as the maximum T they can achieve un-
der the application of external regulation, is shown in Fig. 10.
Here, one can intuitively see that hydrogenation has a sig-
nificant benefit on increasing the 7. of M;B,. Additionally,
for Al,B,H and Mg,B,H, the superconductivity is dominated
by the s orbital of metal atoms and B-p,, while for Mo, B,H

114802-11



YU-LIN HAN et al.

PHYSICAL REVIEW MATERIALS 7, 114802 (2023)

TABLE 1IV. Superconducting parameters of p*, N(Er) (states/spin/Ry/unit cell), logarithmically averaged phonon frequency wi,, (K),
EPC constant A, and superconducting 7, (K) for 2D M,B,H and several other 2D metal boride superconductors.

Materials Doping e w* N(Er) Diog A T. Refs.
X3 0.10 32343 0.95 24.70 [25]
B 0.10 384.16 0.89 18.70 [25]
BL-Bg 0.10 7.98 495.51 0.61 11.9 [29]
BL-Bjg 0.10 27.01 541.05 0.47 4.9 [29]
B,O 0.10 5.30 255.00 0.75 10.35 [77]
MgB, 0.13 0.68 20.00 [42]
AlB, 0.13 1.13 26.50 [31]
NbB, 0.13 245.00 2.23 35.50 [33]
CaB, 0.13 360.00 1.67 41.60 [33]
CaB;H 0.10 371.50 1.39 39.30 [41]
MgB,H 0.13 1.46 67.00 [43]
Ti,BoH,4 0.10 19.78 550.60 1.18 48.60 [44]

AlLB, 0.10 3.71 244.74 0.29 0.10 this work

Mg,B, 0.10 9.78 493.19 0.43 3.26 this work

Mo, B, 0.10 16.59 291.15 0.40 1.12 this work

W,B, 0.10 11.47 231.43 0.38 0.31 this work

Al,B,H 0.10 8.34 202.02 2.93 52.64 this work

0.015 h/cell 0.10 8.58 194.80 321 54.67 this work

0.4% 0.10 8.85 188.41 3.49 60.24 this work

Mg,B,H 0.10 10.24 430.29 0.86 23.25 this work

0.2 h/cell 0.10 11.33 372.35 1.11 30.09 this work

3% 0.10 10.49 444.66 0.88 25.17 this work

Mo,B,H 0.10 25.03 277.25 1.09 21.54 this work

7% 0.10 26.53 153.38 1.96 27.05 this work

W,B,H 0.10 19.33 153.84 1.40 18.67 this work

0.3 e/cell 0.10 20.86 145.79 1.68 24.39 this work

4% 0.10 19.56 158.97 1.92 27.37 this work

W,B,H;

FIG. 10. T. comparison of 2D M;B,, hydrogenated M;B,, i.e.,
M,B,H, and doping or straining regulated M,B,H (M = Al, Mg,
Mo, W).

and W,B,H it is their 4d and 5d orbital electrons playing the
critical role, respectively. In hydrogenated monolayer MgB,
[43], the w-Hs state formed by hybridizing B-p, and H-s
orbitals contributes the most to superconductivity, while for
pure boron systems [25,29], CaBsH [41], and B,O [77], it
is the electrons from B that dominant. This is different from
the four systems investigated in our present work, as metal
atoms always play a crucial role in the electronic structure
and superconducting properties, especially for Mo,B,H and
W,B,H. These behaviors are more similar to Ti,B,Hy [44]
and Janus MoSH [40], in which superconductivity is mainly
dominated by the electrons from metal atoms. Therefore, the
M;>B,H monolayers we investigated provide a new platform
for exploring the origin of superconductivity in different elec-
tron orbitals and prove once again the significant role of
external control conditions of hydrogenation, carrier doping,
and strain engineering.

H. Anisotropic effect in monolayer M,B,H, taking
AlLB,H for example

Considering that the electron-phonon Wannier (EPW)
code [78-81] can better describe the superconducting en-
ergy gap and the electron-phonon coupling (EPC) of layered
or low-dimensional systems with respect to the traditional
McMillan approximation [82], we, therefore, take Al,B,H
for example, applying the fully anisotropic Migdal-Eliashberg
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FIG. 11. Anisotropic effect in monolayer Al,B,H. (a) Com-
parison of band structures obtained by density functional theory
(DFT) (black lines) and interpolation with MLWF (red dashed lines).
(b) Energy distribution of the anisotropic superconducting gap as
a function of temperature. (c) Corresponding quasiparticle density
of states (DOS) for four representative temperatures. Quasiparticle
DOS in the superconducting state, relative to the DOS in the nor-
mal state Nyj(w)/Ny (), as a function of frequency. The SDOS is
scaled to coincide with normal DOS, which can facilitate comparing
with experimental detection. (d) Distribution of the anisotropic EPC
strength A;. The momentum-resolved EPC (e) A, and superconduct-
ing gaps (f) A, on the Fermi surface at 7 = S K.

equations to investigate the EPC parameter X,; and super-
conducting energy gap A,;. Maximally localized Wannier
function (MLWF) [83] calculations are performed in a uni-
form unshifted BZ k-point grid of 12 x 12 x 1, and the s
and p orbitals of Al, p, orbitals of B atoms, including ten
Wannier functions, are used to construct MLWF in Al,B,H, as
shown in Fig. 11(a). A fine k-point grid of 240 x 240 x 1 and
g-point grid of 120 x 120 x 1 are adopted to interpolate the
anisotropic Migdal-Eliashberg equations, which is sufficient
to ensure the convergence. The fermion Matsubara frequency
cutoff is set to 0.7 eV; a reasonable setting is 4 times higher
than the largest phonon frequency, and here is almost 5.
Shown in Fig. 11(c) is the superconducting density of states
(SDOS) under four representative temperatures; the results
show a single superconducting energy gap since the SDOS
has only one peak, consistent with energy distribution of the
anisotropic superconducting gap shown in Fig. 11(b). This
is reasonable since Al,B,H has only a single band crossing
the Fermi level, and does not exhibit significantly different
orbital components around it, so that it does not lead to the
formation of multiple energy gaps. This feature is distinct

from the multigap MgB4 [32], MoSH [40], MgB, [42,84,85],
and LiBC [86] monolayers, where the o and 7 orbitals lead
to separate superconducting gaps, but more similar to MgB,H
[43] and 7-/h-CuH; [87], which exhibit only one single gap.
The largest A, of Al,B,H is associated with Al 3s and 3p
states along the M-K direction with a low Fermi velocity, as
shown in Fig. 11(e). The resulting A, up to 4.42, is about 1.5
times as large as the isotropic one, and the finally obtained
EPC strength ~2.95, similar to the isotropic A ~ 2.93. At
T = 5K, presented in Fig. 11(f), the A, is located along the
M-K direction on the Fermi surface with a maximum value of
13.89 meV, showing distributions similar to that of the EPC.
The superconducting energy gap vanishes at ~76 K, which
is identified as the critical temperature 7;. The 7. obtained by
solving anisotropic Migdal-Eliashberg equations is about 44%
larger than that of the isotropic results (~52.6 K).

IV. CONCLUSION

In this work, based on first-principles calculations, we
predict a series of 2D hydrogenated metal borides M;B,H
(M = Al, Mg, Mo, W), and investigate their crystal structure,
bonding properties, electronic structures, phonon dispersions,
dynamic stability, EPC strength, superconducting properties,
and so on. Based on the Eliashberg theory, by analytically
solving the McMillan-Allen-Dynes formula, we find that
these four 2D materials are all intrinsic phonon-mediated su-
perconductors with the 7, of 52.64, 23.25, 21.54, and 18.67 K,
respectively. Among them, there are two strong-coupling su-
perconductors with large EPC constants A of 2.93 for Al,B,H
and 1.40 for W;,B,H, while two intermediate-coupling con-
ventional superconductors of Mg,B,H and Mo,;B,H with
EPC constants A of 0.86 and 1.09, respectively. The EPC of
Al,B,H and Mg, B,H is mainly governed by the vibrations of
metal and B atoms, while for Mo,B,H and W,B,H is almost
controlled by the metal atoms. Additionally, we also explore
the effects of electron/hole doping and tensile/compressive
strains on the superconducting properties. The results of dop-
ing indicate that hole doping obviously enhances the EPC
and increases the 7. of Al,B,H and Mg,B,H, while for
W,B,H the enhancement of EPC and T, occurs during elec-
tron doping. For Mo,B,H, doping is always detrimental for
its superconductivity. Under the action of biaxial tensile strain,
both EPC and 7, of these four systems can be increased, while
compressive strain always weakens the coupling. Combining
results of doping and strain engineering, except for Mg, B, H,
which achieves the most significant enhancement of coupling
during hole doping, the maximum increase in A and 7; of the
other three systems occurs when tensile strain is applied. A
large T of 60.24 K for Al,B,H is obtained under applying
0.4% biaxial tensile strain, while the 7. of the other three
systems also exceeds 25 K under proper doping or strain.
These M,B,H monolayers provide another option for exper-
iments beyond the 2D boron to realize superconductivity in
boron-based 2D materials. Our research provides new guid-
ance for the study of 2D superconductors and enriches the
database of 2D metal borides, which are beneficial to further
theoretical and experimental studies of electronic structures
and superconductivity in other 2D metal diborides.
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