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Boron kagome-layer induced intrinsic superconductivity in a MnB; monolayer
with a high critical temperature
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The design of two-dimensional superconductors has attracted great research interest owing to their wide
application in nanoscale devices. Here, we combine first-principles calculations with structure searching
technology to identify a unique stable hexagonal #-MnB; monolayer, exhibiting a slightly higher energy with
respect to the reported tetragonal 7-MnBj. Interestingly, #~-MnB; contains two boron kagome layers sandwiched
with Mn atoms. It exhibits metallic properties and has a superconducting transition temperature of 24.9 K,
which is much higher than 2.9 K in 7-MnB;. Its superconductivity mainly originates from the coupling between
in-plane vibrational phonons of boron kagome layers and electrons of Mn atoms. #-MnBj; exhibits a tunable
superconductivity, and reaches a maximum of 34 K at 2% tensile strain resulting from the softening in-plane
modes of boron kagome layers. The Si (111) surface may be an ideal substrate for the growth of superconductive
h-MnBj;. The unique superconducting mechanism observed here could inspire the searching of more boron

kagome based two-dimensional superconductors.

DOI: 10.1103/PhysRevB.102.075431

I. INTRODUCTION

The search for superconductors near room temperature
has long been viewed as a significant problem in condensed
matter physics [1,2]. Recent theoretical predictions [3-6]
and experimental observations [7-10] of high critical tem-
perature (7.) superconductivity in hydrogen-rich materials
have achieved much success. Compared with bulk super-
conductors, two-dimensional (2D) superconducting materials
play an irreplaceable role in nondissipative electronic de-
vices, low-dissipative integrated circuits, smaller size, and
higher precision measurement, as well as imaging equip-
ment [11]. However, with respect to the huge 2D material
family, the existing 2D superconducting materials are rela-
tively limited [12-18]. On the other hand, their supercon-
ducting transition temperatures are low. Thus, it is urgent
to develop new 2D superconducting materials with desirable
properties.

Akin to hydrogen-rich superconductors at high pressures,
the discovery of 2D superconductors was not serendipitous;
both crystal structure prediction and first-principles calcu-
lations inspired experiment and helped to interpret the re-
sults [12,19,20]. It was theoretically proposed that super-
conductivity in graphene can be induced by alkali atom ad-
sorption because of the enhanced electron-phonon coupling
(EPC) [12]. Experimental investigations motivated by this
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result demonstrated that Li-decorated monolayer graphene is
superconducting with a 7, of 5.9 K [19]. Theoretical studies
have shown that ultrathin MgB, exhibits multigap supercon-
ductivity which originates from the surface states hybridizing
with 7 bands of graphenelike boron layers [20]. Meanwhile,
the theoretical predictions were validated by in sifu angle-
resolved photoemission spectroscopy in experiment [20].

Inspired by the boron-driven superconductivity in bulk and
the fact that ultrathin MgB, and boron has a small atomic
mass, the superconducting properties of pure boron material
have been widely studied [21-26]. Theoretical studies sug-
gested that most of the 2D boron allotropes (o [21,22,24],
Bs [26], Bo [26] and buckled triangular sheets [26]) are
phonon-mediated superconductors with 7; from 6.7 to 21 K.
The superconductivity of these 2D boron allotropes mainly
originates from the EPC between the out-of-plane vibration
modes and  electrons near Fermi energy [27]. The relatively
high T, predicted in pure boron materials and accessibility
of metal borides motivates the design of boron based 2D
superconducting borides, such as MgB, [28], GaBg [29],
InBg [29], Li,B7 [30] AlB¢ [31], and Mo,B; [32]. All these
2D compounds contain boron hexagonal or triangular frame-
works. Interestingly, boron atoms in MgB, form peculiar
kagome lattices with each hexagon comprising edges of six
atom-sharing triangles. EPC calculations demonstrate rela-
tively low 7. (1.67-14 K) in these 2D metal borides with
the superconducting mechanisms categorized to the coupling
between (i) out-of-plane vibrational modes and electrons of
boron layers (rect-GaBg, rect-InBgs, AlBs, MgBg, and Li; B7)
[28-31], (ii) vibrational modes and electrons of metal atoms
(Mo,B;) [32], and (iii) vibrational modes of metal atoms and
electron of boron atoms (hex-InBg) [29].
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Recently, structure predictions show that boron can react
with manganese (Mn) with the formation of several stoi-
chiometric 2D compounds and various properties [33,34].
Here, we have performed a systematic structure prediction
on Mn-B systems to search new boron frameworks and we
have uncovered a low-lying hexagonal structure for MnBj
(h-MnB3), which contains an intriguing boron kagome lattice.
EPC calculations show relatively high superconductivity at
249 K for h-MnBj3, which is much higher than 2.9 K in
t-MnBj;. A unique superconducting mechanism in #-MnBj
is uncovered: the coupling of in-plane vibrational modes of
boron kagome layers and electrons of Mn atoms. Further
studies show that the T; of --MnB3 is up to 34 K at a strain of
2% owing to the softening of in-plane modes of boron kagome
layers.

II. METHODS

Structure searches of the 2D Mn-B compounds are carried
out with the maximum of four formula units (f.u.) for each
stoichiometry by using the swarm-intelligence based CALYPSO
method [35,36], which is designed to search for the most
stable or metastable structures of the given chemical com-
position [3,37—43]. In the process of structure prediction, the
local optimizations of generated structures were performed by
using the conjugate gradient method as implemented in the Vi-
enna ab initio simulations code VASP [44]. The Perdew-Burke-
Ernzerhof generalized gradient approximation is chosen for
the exchange-correlation functional [45]. The electron-ion
interaction is described by the projector augmented-wave po-
tentials [46] with 3d° 4s' and 35 3p! configurations treated as
the valence electrons for Mn and B, respectively. The phonon
spectrum and EPC are calculated within the framework of the
linear-response theory through the QUANTUM ESPRESSO code
[47]. Ultrasoft pseudopotentials for Mn and B elements are
used with a kinetic cutoff energy of 90 Ry. A g mesh of 10
x 10 and a k mesh of 40 x 40 in the first Brillouin zone
are used in the EPC calculations for ~-MnBj3. The T; values
are calculated using the Allen and Dynes modified McMillan
equation [48]. Further computational details are given in the
Supplemental Material [49].

III. RESULTS AND DISCUSSIONS

By using the CALYPSO method, we identified a hexago-
nal structure for MnB3; with space group P- 3m 1 (denoted
as h-MnBj hereafter) that is energetically slightly higher
(0.08 eV/atom) than the known 7-MnBj3 [34]. Similar to
t-MnB3, h-MnBj contains two boron layers sandwiched by
Mn atoms. However, different from the linear arrangements
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FIG. 1. Optimized crystal structures for (a) A-MnBj; and (b)
t-MnBj;. 2D maps of ELF for (¢) ~-MnB; and (d) -MnBs;.

of boron hexagons or triangles in 7-MnBj3, every six boron
triangles in 2-MnB3 connect by sharing atoms to construct a
hexagon, forming the typical kagome lattice (Fig. 1). From
the top view, Mn atoms are located at the center of each boron
hexagon. The optimized structural parameters are listed in
Table 1.

h-MnB3 and 7-MnBj contain strong covalent B-B bonds
with average bond lengths of 1.91 and 1.83 A, respectively,
as also confirmed by electron localization function (ELF)
calculations [Figs. 1(c) and 1(d)]. Each Mn atom connects
with six B atoms in both structures with Mn-B distances
of 1.98 A in h-MnB3; and 2.05 A in t-MnBj. ELF results
also reveal slightly stronger covalent Mn-B bonds in 2-MnB3
as compared to -MnB3. Additionally, Bader analysis shows
0.35 e charges transferred from each Mn atom to the boron
kagome layer. In fact, pure boron kagome layers are found
to be dynamically unstable due to the electron deficiency of
boron [28]. We therefore conclude that the captured electrons
from Mn atoms and the formation of the covalent Mn-B bonds
stabilize the boron kagome layers.

A previous study has shown that #-MnB3 is nonmagnetic
[34]. To study the magnetism of #-MnBj, we have calculated
the energy difference between different magnetic states and
nonmagnetic states. As shown in Fig. S1 in the Supplemental
Material [49], four possible magnetic configurations [one
ferromagnetic (FM) and three antiferromagnetic (AFM)] were
considered in the calculations. Results indicate that 2-MnBj
in the four magnetic states has the same energies as that of

TABLE I. Optimized lattice parameters and atomic positions for 2-MnB; and 7-MnB5;.

Phases Space group Lattice parameters (A) Atomic position
h-MnB; P-3m 1 a=3.82 Mn (2d) (0.333, 0.667, 0.467)
B (67) (0.339, 0.170, 0.443)
t-MnBj; Pmmn a=3.70 Mn (2a) (0, 0, 0.471)
b=3.05 B1(2b) (0, 0.5, 0.575)

B2 (4f) (0.241, 0, 0.583)
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FIG. 2. Atom-resolved band structures and PDOS for (a)
h-MnBj; and (b) -MnBj;. The Fermi energy level is set to zero.

the nonmagnetic state. Moreover, the magnetic moment of
each Mn atom is calculated to be zero in the four considered
magnetic phases. Therefore, we conclude that 2-MnBj is also
nonmagnetic.

The cohesive energy (E.op) is a useful parameter to evaluate
the possible synthesis of a predicted 2D material [50,51].
The E.,, of MnBj is calculated according to the following
equation:

Ecoh = (Emng, — Exn — 3EB)/(Nyin + Np),

where Enpp, is the total energy of MnBj;, and Ey, and Ep
are the energies of bulk magnetic hcp Mn and 2D B, boron,
respectively. We choose 2D S, boron as the reference since
it has been synthesized in experiment. As shown in Fig. S2
[49], although h-MnBj; is metastable with higher energies
(0.08 eV/atom) than that of -MnBs;, it has a negative cohe-
sive energy of —0.25 eV /atom, indicating the possibility for
synthesis.

The orbital-resolved band structures and density of states
(DOS) of hi-MnBj3 and r-MnBj are presented in Fig. 2. We find
that both phases exhibit intrinsic metallic features with several
bands crossing the Fermi energy. We have also calculated
the band structure of A-MnBj3 using QUANTUM ESPRESSO.
As shown in Fig. S3 in the Supplemental Material [49], the
band structures calculated using two codes are consistent,
confirming the accuracy of our results. It is worth noting
that the band structure remains nearly unchanged when the
spin-orbit coupling is considered, indicating that the spin-orbit
effect is very weak in 2-MnBj (Fig. S4 [49]). Therefore, the
spin-orbit effect is ignored in the following calculations. Both
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FIG. 3. Phonon dispersions, phonon density of states (PhDOS),
Eliashberg function o?F(w), and integrated electron-phonon cou-
pling strength A(w) of (a) --MnBj; and (b) ~-MnB3;

orbital-resolved band structures and partial DOS results show
that the electrons near the Fermi level are mainly from Mn
atoms, while the contribution from B atoms is negligible. The
total DOS at Fermi level in A-MnBj3 is calculated to be
1.53 states/eV/f.u.,, much higher than that (1.15
states/eV/f.u.) in 7-MnBj3. More electrons at the Fermi
level raise the possibility of the formation of Cooper pairs
in h-MnBj3, which is the key to increasing electron-phonon
coupling.

Figure 3 presents the calculated phonon dispersions and
projected phonon density of states of #--MnB3; and 7-MnBj;.
Dynamical stabilities are evidenced by the absence of imag-
inary frequencies in the whole Brillouin zone for the two
phases. In -MnB3, the vibration modes are divided into three
parts, the low-frequency (0—400cm~') Mn vibrations, the
midfrequency (400—600cm~')B,, (vibrations in the x-y
plane) and B, (vibrations out of the x-y plane) vibrations, and
the high-frequency (>600cm™!) B, vibrations. The vibra-
tion modes in A-MnB; can be classified into two parts, with
low frequencies (0—550 cm™!) contributed by mixing of B
and Mn vibrations, while the high ends are dominated only by
B vibrations. In the low-frequency range of 200—300cm™",
we find totally opposite vibration modes for A-MnB; and
t-MnB3, with dominant in-plane vibrations of boron kagome
and Mn vibrations, respectively. The following analysis shows
this difference leads to different superconductivity in the two
phases.

The T. is calculated based on the Allen-Dynes modified
McMillian equation, where p* can be estimated according
to the equation pu* ~ 0.26 Ng,/(1+ Ng,), where Ng, is the
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FIG. 4. (a) Phonon dispersion, phonon density of states (PhDOS), Eliashberg function a>F (w), and integrated electron-phonon coupling
strength A(w) in h-MnBj under strain =2%. The phonon dispersion is decorated with red ribbons, proportional to the partial electron-phonon
coupling strength, A,,. (b) Biaxial strain effects on Ng oA and T, of h-MnB;.

electronic density of states at the Fermi level [52]. Based
on this equation, the estimated value of pu* is ~ 0.05 for
h-MnBj and #-MnBj3. Moreover, considering that u* = 0.05
has been used to estimate 7, of 2D boron allotropes [27],
we therefore choose the same value for the convenience of
comparison. The calculated EPC parameter A for --MnBj and
h-MnBj; is 0.37 and 0.79, resulting in 7; of 2.9 and 24.9 K,
respectively. We have also estimated the T¢s of £-MnBj and
h-MnBj with the choice of different u*. As shown in Fig.
S5 in the Supplemental Material [49], T; decreases with in-
creasing p*. For example, T, of --MnB; decreases from 25 K
with ©* = 0.05 to 15 K with u* = 0.13.

Figure 3 also presents the Eliashberg spectral function
a*F (w) and the integrated EPC strength A(w) for both phases.
Obviously, the superconductivity in A-MnB; mainly origi-
nates from the low frequencies in the range of 200—300cm ™!,
which contribute 62% to the total A. Intriguingly, these fre-
quencies are dominated by the in-plane vibrations of B atoms
in kagome layers. Considering the large DOS at the Fermi
level from Mn atoms, we therefore conclude that the coupling
between electrons of Mn atoms and in-plane phonons of
boron kagome induces high superconductivity in A-MnBj.
This mechanism is different from those found in all other
2D borides [28-33]. Previous study has also demonstrated an-
other boron kagome containing 2D MgB,, which possesses a
relatively low T of 4.7 K [28]. In fact, different from #-MnBj3,
the superconductivity in MgBg is driven by the coupling
between electrons and phonons of B atoms, and the absence
of Mg contribution to EPC leads to relatively low T [28].

For ¢-MnBj, it is found that the low—frequency
(100—370 cm~") vibrations contribute 61% to the total A; they
are dominated by Mn vibrations. This phenomenon indicates
that the superconductivity is driven by the coupling between
electrons and vibrations of Mn atoms. The superconducting
mechanism in £-MnBj is similar to Mo, B,, which also has low
superconductivity at 3.9 K [32]. The low superconductivity
in 7-MnBj is understandable since the light element boron is
almost not involved in the electron-phonon coupling.

Studies have demonstrated that tensile strain is effective to
regulate the superconductivity of a given compound by chang-
ing its electronic and dynamical properties [15,32,53-57].
Phonon calculations reveal that 2-MnBj3 remains dynamically
stable under a maximum biaxial strain of 2%, above which
h-MnBj; becomes unstable in view of the presence of imag-
inary frequencies. Interestingly, we found that tensile strain
increases A with a maximum value reaching as high as 1.56 at
the 2% strain, leading to an obviously increased T; of 34 K.

The significant increase of A in A-MnBj is understandable
if we include the change of electronic and dynamical
properties under tensile strain. Electronic calculations show
that the DOS at the Fermi level (Ng,) increases from
1.53  states/eV/fu. in the intrinsic phase to
1.75 states/eV /f.u. at the 2% strain, providing more electrons
that form Cooper pairs. Simultaneously, tensile strain induces
a softened acoustic frequency at the M point in the range
of 0—100cm™! [Fig. 4(a)], leading to a new step of A(w)
around 100cm™!, which contributes ~20% to the total A
[right panel in Fig. 4(a)]. Analysis suggests that the softened
modes in A-MnBj3; are mainly contributed by the in-plane
vibrations of boron kagome, which are believed to increase
the electron-phonon pairing potential at the Fermi level, which
is essential to enhance the EPC. Similar behavior was also
suggested in enhanced superconductivity in strain-applied
graphene [57].

Generally, metastable 2D materials are able to be syn-
thesized through proper substrates. For example, both 5'2
and x3 phases of 2D boron sheets are metastable, which are
energetically higher (~0.05 eV /atom) than that of the ground
state 2D o'-sheet B structure; they have been successfully
synthesized using an Ag(111) substrate [58,59]. Owing to
relatively high superconductivity of A-MnBs, it is necessary
to explore the possibility of experimental synthesis. Here, we
selected Si as the substrate for the 2-MnB3; monolayer since
the Si (111) surface has relatively small lattice mismatch of
0.46% with h-MnB3 (shown in Fig. S6 [49]). To quantitatively
describe the interaction between the Si(111) substrate and
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the ~--MnB3; monolayer, the interfacial cohesive energies (Ey)
of h-MnBj3 on the Si(111) surface have been calculated as
follows,

EI = (ESUb + EMnB3 - Etot)/(NMn + NB),

where Eqp, Ewmnp,. and E, are the total energies of the
Si(111) substrate, the ~-MnB3; monolayer, and the A-MnB3
monolayer on the Si(111) surface, respectively. The cal-
culated Ep is 0.13 eV/atom, which is comparable to that
(0.3 eV/atom) of metastable 81, and yx3 boron sheets on Ag
substrates [60]. Therefore, it is highly possible to synthesize
h-MnBj3 on a Si(111) substrate.

It is notable that the superconductivity of 2D materials
could be affected by substrates due to the interfacial interac-
tion. For example, the superconductivity of the 81, 2D boron
sheet is significantly suppressed when considering the effect
of Ag(111) substrate due to the large lattice mismatch (2%)
[55]. In the case of ~-MnB3/Si (111), the lattice mismatch is
found to be only 0.46%. Significantly, the band structure of
free-standing #-MnBj3; can be well retained on the substrate
(Fig. S6 [49]). Thus, we can expect that the superconductivity
of 1-MnB3 is robust against the substrate of Si.

IV. CONCLUSION

In summary, based on first-principles calculations with
structure searching, we have identified a unique low-energy
hexagonal h-MnBj; monolayer consisting of two boron

kagome layers. Electron-phonon coupling calculation indi-
cates that 7-MnBj; has intrinsic superconductivity with a high
T. of 24.9 K, higher than most 2D borides. Our analysis in-
dicates that the boron kagome lattice contributes significantly
to the superconductivity, which is attributed to the coupling
between in-plane vibrational phonons of boron kagome layers
and electrons of Mn atoms. We also demonstrated that the ten-
sile strain enhances significantly the EPC of 4-MnB3, the T; of
which increases to 34 K at 2% tensile strain. Additionally, we
conclude that a Si (111) surface may be an ideal substrate for
the growth of superconductive 2-MnBj. Our results suggest
that borides with a unique boron kagome lattice are promising
superconductors.
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